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SUMMARY 
 
This thesis presents my work on deciphering, exploring, and discovering the 
treasure troves of RNA structural bioinformatics, mainly in the areas of multi-resolution 
analysis of RNA structure. 
RNA is amazing. We found that without changing the backbone connectivity, 
RNA can maintain structural conservation in 3D via topology switches, at a single 
residue level. I developed a method of representing RNA structure in multiresolution, 
called the PBR approach (P stands for Phosphate; B stands for Base; R stands for Ribose). 
In this method, structural data is viewed through a series of resolutions from finest to 
coarsest. At a single nucleotide resolution (fine resolution), RNA is abstruse and 
elaborate with structural insertions/deletions, strand clips, and 3,2-switches. The 
compilation of structural deviations of RNA, called DevLS (Deviations of Local 
Structure), provides a new descriptive language of RNA structure, allowing one to 
systematize and investigate RNA structure. At PBR resolution (coarse resolution), 
fundamental RNA architecture, e.g. A-helix, tetraloop, Kink-turns, E-loop motifs etc., 
becomes readily observable.  
Using PBR analysis, a total of 103 tetraloops within the crystal structures of the 
23s rRNA of H. marismortui (PDB entry: 1JJ2) and the 70s rRNA of T. thermophilus 
(PDB entry: 2J00 and 2J01) are found and classified. Combining them, I constructed a 
‘tetraloop family tree’, using a tree formalism, to unify and re-define the tetraloop motif 
and to represent relationships between tetraloops, as grouped by DevLS. 
To date, structural alignment of very large RNAs remains challenge due to the 
large size, intricate backbone choreography, and tertiary interactions. To overcome these 
xiv 
 
obstacles, I developed a concept of structural anchors along with a ‘Divide and Conquer’ 
strategy for performing superimposition of 23s rRNAs. Here I use tetraloops as structural 
anchors. The successful alignment and superimpositions of the 23s rRNAs of T. 
thermophilus and H. marismortui gives an overall RMSD of atomic positions of 1.2 Å. 
This superimposition utilizes 73% of RNA backbone atoms (around 2129 residues). This 
accurate superimposition allows me to identify regions of structural conservation and 
diversity, to determine relationships between structural and sequence variation, and to 
investigate structural relationships between RNA to RNA, RNA to ions, ions to ions, at 
atomic resolution.  
 By using principles of inorganic chemistry along with structural alignment 
technique as described above, a recurrent magnesium-binding motif in large RNAs (the 
23S rRNAs from H. marismortui and T. thermophilus, the P4-P6 domain of the 
tetrahymena Group I intron ribozyme, and a Group II intron ribozyme)  is revealed. 
These magnesium-binding motifs play a critical role in the framework of the Peptidyl 
Transferase Center of the ribosome by their locations, topologies, and coordination 
geometries. Features of magnesium-binding motif include (i) bridging phosphate 
chelation of two magnesium ions in the form of Mg2+(i)-(O1P-P-O2P)-Mg
2+
(j), (ii) 10-
membered chelation ringsutilizing phosphate groups of adjacent residues as Mg2+ ligands, 
(iii) crystalline-like Mg2+-Mg2+ proximities, (iv) direct Mg2+-phosphate interactions and 
Mg2+ dehydration, (v) undulated RNA surfaces with unpaired and unstacked bases, and 
(vi) and usually, close proximity to site of catalysis.  
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CHAPTER 1 
INTRODUCTION AND PERSPECTIVES 
 
1.1 RNA 
 RNA is a remarkable biomolecule. It is amazingly pliable, yet plays important 
structural and catalytic roles in biology (Kruger et al., 1982). The structural 
polymorphism of RNA arises from the large number of degrees of freedom of the 
backbone; six backbone torsion angles plus one angle describing rotation of the base 
relative to the sugar (Saenger, 1984). The structural polymorphism gives rise, in turn, to a 
variety of RNA structural motifs, e.g. Tetraloops, Kink-turns, E-loop motifs. RNA 
pliability, exemplified by its ability to accomodate structural insertions, structural 
deletions, and strand clips (Figure 1.1A) while maintaining a basic RNA motif has been 
noted in literature. For example the Kink-turn motif (Klein et al., 2001) accommodates 
structural insertions and deletions; the strand clips are noticed among other RNA motifs 
(Klein et al., 2001; Lescoute et al., 2005; Hsiao et al., 2006).  
 Structural Insertions and deletions are related to but not the same as conventional 
insertions/deletions (indels) in the primary structure, e.g. an RNA sequence. Indels are 
insertions or deletions which are required to convert one sequence into another (Durbin, 
1998). Structure insertions and deletions are required to convert one structure to another. 
Definitions of structural insertions/deletions, and strand clips are: 
(i) Structural insertions: A given conformational state (or a motif) can remain intact 
and essentially unaltered as residues are inserted. 
(ii) Structural deletions: A given conformational state (or a motif) can remain intact 
and essentially unaltered as residues are deleted. 
 
2 
 
(iii) Strand Clips: Some elements of a motif are contributed by residues that are 
remote in the primary sequence. 
 
 
Figure 1.1 Structural variations in RNA and protein structures. 
(A) Shown is the schematic of the RNA variations. (B) Shown is the schematic of analogous variations in 
protein, at secondary structural resolution. 
 
1.1.1 Comparison of RNA with Proteins 
 It is of interest to compare the pliablility of RNA with that of protein (Table 1.1), 
the other biological macromolecule with rich structural, folding and catalytic properties. 
Protein secondary structure readily accommodates topology variations and strand clips. 
For example anti-parallel -sheets display up and down topology (in which consecutive 
strands are ordered i, i+1, i+2, i+3) or Greek key topology (in which consecutive strands 
are ordered i, i+3, i+2, i+1) [Figure 1.1B]. In addition, domain swapping in proteins is 
analogous to structural strand clips in RNA. Strand clips are commonly observed in loop 
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regions, but to our knowledge are not observed within α-helices or β-strands. In addition, 
to our knowledge, proteins, unlike RNA, cannot accommodate topology switches at the 
single residue level. 
 From the perspective of insertions and deletions, proteins are somewhat more 
restricted than RNA. For -helices, single-residue insertions cause deformations that are 
localized to the immediate region of the insertion (Keefe et al., 1993). The carbonyl 
group of the inserted residue is directed toward the solvent environment and is nearly 
perpendicular to the helical axis of α-helices. Similar experiments have not been 
conducted on single amino acid deletions in -helices.  
 Apparently, -sheets cannot accommodate single-residue insertions without 
global distortions. Single residue insertions, cause β bulges (Richardson et al., 1978), 
introduce local right-handed strand twist and or cause a register shift of the -strand 
(Keefe et al., 1994).  
 
Table 1.1 Comparisons with RNA and Proteins at single residue resolution. 
Macromolecule 
(at single residue 
resolution) 
Structural 
Insertions 
Structural 
Deletions 
Strand clips 
Topology 
Variations1) 
 RNA Yes Yes Yes Yes 
Protein 
α-helix Yes N/A No2) No 
β-sheet No No No2) No 
1) At a single residue level, see Chapter 2 for discussion of RNA topology variations. 
2) Strand clips are commonly observed in loop regions, however, to our knowledge, are not observed 
within α-helices or β-strands. 
 
1.2 Structural Data 
The structural databases, e.g. Nucleic Acid Database (Berman et al., 1992), Protein 
Data Bank (Bernstein et al., 1977), which contains 3D structures of DNA, RNA and 
protein molecules have grown explosively in the last decade. To date, more than 50 
thousand structures have been deposited in the Protein Data Bank, with about four 
thousand nucleic acid structures in the Nucleic Acid Database. 
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1.2.1 A Treasure Trove of Structural Bioinformatics  
 The crystal structures of very large RNA molecules are now available at high 
resolution (Table 1.2). At 2.4 Å resolution, there is a large subunit (LSU) of the 
ribosomal RNA from archaeon H. marismortui (Ban et al., 2000; Klein et al., 2001) 
[PDB entry 1JJ2], a halophile from the Dead Sea. At 2.8 Å resolution, there is a 
ribosomal RNA assembly from eubacterium T. thermophilus (Selmer et al., 2006) [PDB 
entry 2J00, 2J01], isolated from a thermal vent. At 2.3 Å resolution, there is a 160 
nucleotide P4-P6 domain of the self-splicing Tetrahymena thermophila group I intron 
(Juneau et al., 2001) [PDB entry 1HR2 , this deletion of C209 mutant gives the best 
available resolution]. These very large and accurate structures are rich in conformation, 
folding, tertiary base-base interactions, secondary structures, kinetically trapped 
intermediates, and sequence information, allowing one to mine structural data, at 
resolutions from finest to coarsest, in dimensions from 1D sequences to 3D structures, at 
levels from single nucleotide to multiple nucleotides, to decipher the treasure troves of 
structural information. 
 
Table 1.2 The data qualities of treasure troves of macromolecular structures 
 PDB 
Entry 
Resolution 
(Å) 
R-Value R-Free 
H. marismortui  
50S 
1JJ2 2.4 0.189 0.222 
T. thermophilus  
70S 
2J00, 2J01 2.8 0.271 0.313 
T. thermophila group I 
intron P4-P6 domain 
1HR2 2.3 0.244 0.264 
 
1.3 Decipher the Treasure Troves of Structural Information 
 Information is everywhere, exhibited in many presentations. A very well known 
presentation is a polynucleotide of an RNA molecule in xyz coordinates. To find 
structural patterns of geometries, conformations, inter/intra-molecular interactions, 
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binding, and folding, it is necessary to treat biological molecules at different levels of 
presentations. Examples of presentations are Cartesian presentation (xyz presentation), 
torsion presentation, binned torsion presentation, molecular interaction presentation, 
pseudo-bond presentation, and sequence presentation, each of these presentations is 
described below. 
1.3.1 Cartesian presentation (xyz presentation) 
The structure of molecule is presented by xyz coordinates of each atom of the 
molecule. A small molecule, under this presentation, shows clearly of all details of 
physical and chemical properties. However the amount of structural information 
contained in a macromolecule can be immense. Weaknesses of the xyz presentation for 
structural pattern deciphering are that it limits the structural comparison between 
different classifications of molecule, e.g. protein versus RNA, and it lacks internal 
reference.  
1.3.2 Torsion presentation 
Bond rotations specify structural conformation without the descriptors of bond 
lengths and angles (Olson, 1981). Seven torsion angles, (α, β, γ, δ, ε, ζ, χ), define the 
conformation of a single residue in presenting the conformation of an RNA 
polynucleotide (Figure 1.2). In RNA, the seven torsion angles are coupled to each other 
increasing the difficulty of structural pattern deciphering, as the RNA molecule gets 
larger. Eliminating the degeneracy of the seven torsion angles, by statistical methods, into 
four torsion angles decreases the complexity of RNA conformation although some 
structural information may be lost (Sundaralingam, 1969; Sundaralingam, 1973; 
Srinivasan and Olson, 1980; Hershkovitz et al., 2003). Torsion angles are internally 
referenced: conformational similarity/dis-similarity can be assayed without 
superimposition.  
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1.3.3 Binned torsion presentation 
 In prior work from our lab, the continuous conformational information (torsion 
angles) was binned to a limited number of discrete descriptors (Hershkovitz et al., 2003) 
[Figure 1.2]. For example the  torsion angle falls in one of three frequency envelopes 
centered at 300°, 165°, and 70°, also see (Murthy et al., 1999). The probability of finding 
 outside one these three envelopes is vanishingly small [the boundries of the envelopes 
are 40-90° (envelope 1), 135-190° (envelope 2), 260-330° (envelope 3)]. Therefore the 
continuous  torsion angle is binned and transformed to one of the three discrete values 
(300°, 165°, or 70°), called envelops. The envelope widths are determined by natural 
cutoff parameters to delineate the discrete bins. This presentation reduces the RNA 
structural conformation to a relatively small number of discrete states which can be 
symbolically encoded. For example the ASCII code “a” indicates the state of a single 
nucleotide to be (α3, γ1, δ1, ζ1) [α3 indicates torsional α in envelope 3, etc.]. Thus the 
conformation of an RNA molecule is approximated by an ASCII encoded string. With 
this presentation, the string “aaoa” or “aaoe” denotes a RNA tetraloop motif. 
 
 
Figure 1.2 RNA torsion angles. 
Shown is the RNA seven torsion angles, (α, β, γ, δ, ε, ζ, χ), where the binned torsion presentation of the 
four descriptors, (α, γ, δ, ζ), are shaded.    
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1.3.4 Molecular interaction presentation  
 There are a multitude of molecular interactions. Westhof and coworkers have 
focused on base-base interactions and proximities to develop the concept of isosteric 
base-pairs (Leontis and Westhof, 2001; Leontis et al., 2002a; Waugh et al., 2002; Leontis 
and Westhof, 2003; Yang et al., 2003). Their methods automatically identify and classify 
types of base pairs, which use various combinations of the three edges; Watson-Crick, 
Hoogsteen and the Sugar edges. They have surveyed the structural database and compiled 
statistics for the occurrence of each edge and of each of the 12 base pair families defined 
by the combinations of the four bases: A, U, C and G.  
1.3.5 Pseudo-bond presentation 
 Pseudo-bonds are vectors between non-bonded atoms. Two pseudo-torsion angles 
are then defined by series of pseudo-bonds. This approach reduces the complexity of 
large RNA molecules facilitating pattern recognition and RNA motif searching (Olson, 
1975; Duarte and Pyle, 1998; Duarte et al., 2003).  
1.3.6 Sequence presentation 
 As noted in the Section 1.3, RNA structures inhibit in many presentations. From 
Sections 1.3.1-1.3.5, presentations of RNA structures in three-dimention have elucidated 
many useful information of RNA. However, another important presentation for study of 
RNAs is 1D structure (RNA sequence), especially when 3D structure of an RNA 
molecule is undetermined. RNA sequence, which is given by combinations of four bases, 
A, U, C and G, is useful, but can conceal enormous treasure troves of structural 
information. Early phylogenetic comparison of ribosomal RNA sequences led Woese and 
Fox to the discovery of Archaea, the third kingdom of life (Woese and Fox, 1977; 
Magrum et al., 1978; Woese et al., 1978). Sequence allows one to decipher RNA 
secondary structure. For example the covariation analysis method (reviewed by Gutell, 
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Gutell et al., 2002) was first used by Holley to determine the secondary structure of 
tRNA (Holley et al., 1965), and by Woese and Fox to determine the secondary structure 
of 5s rRNA (Fox and Woese, 1975). Covariation was then used to determine secondary 
structures of the 16 S (Woese et al., 1980) and 23 S rRNA (Noller et al., 1981). More 
recently, Gutell and coworkers (Goertzen et al., 2003) proposed a secondary structural 
model for the nuclear ribosomal internal transcribed spacers using a comparative analysis 
of 340 sequences.  
 
1.4 Structural Alignment on Ribosomal RNAs 
 More recently, analysis of rRNA has moved from 1D and 2D to 3D. The 
structural database currently contains structures of ribsomes from five organisms 
[Thermus thermophilus, x-ray, 2.8 Å, Figure 1.3A, (Selmer et al., 2006), Escherichia coli, 
x-ray, 3.2 Å (Berk et al., 2006), Haloarcula marismortui, x-ray, 2.4 Å, LSU only, Figure 
1.3B (Ban et al., 2000), Deinococcus Radiodurans, x-ray, 3.1 Å, LSU only, (Harms et al., 
2001) and Saccharomyces cerevisiae, cryo-EM, 11.7 Å (Spahn et al., 2004)]. The 
structural comparison in between these 3D structural rRNAs, in conjunction with small 
molecules, reveals the patterns of mechanism, binding, and fundamental inter/intra-
molecular interaction.  
 In a recent work, Steitz and coworkers use a transition analog complex with the 
large subunit (LSU) of H. marismortui to propose a catalysis mechanism for peptidyl 
transferase activity [(Schmeing et al., 2005)]. They compare the crystal structures of 
various complexes by the superimposition of phosphorus atoms of domain 5 of 23S 
rRNA. 
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Figure 1.3 3D structures of T. thermophilus 23S and H. marismortui 23S. 
(A) Shown is the 3D structure of T. thermophilus 23S (PDB entry: 2J01), cartoon representation. (B) 
Shown is the 3D structure of H. marismortui 23S (PDB entry: 1JJ2), cartoon representation.  
 
 One weakness of their superimposition is that only the phosphorous atoms of 
domain 5 are used, so that the movement of rigid bodies cannot be observed, and errors 
of structural conservation/divergence information are introduced. To avoid that, 
alignment must take into account insertions, deletions and sequence variation (see section 
1.1, Figure 1.1A, Chapter 2 and 3), while using as many atoms as possible in the 
superimposition. 
 An accurate superimposition model allows one to identify regions of structural 
conservation and diversity, to determine relationships between structural and sequence 
variation, allows docking of one structure onto another, and study of conformational 
change, binding, and mechanism in atomic resolution.  
 
1.5 What is an RNA Motif? 
 The term RNA Motif has many definitions. Here is a list of a few commonly 
applied definitions of the term RNA Motif: (i) RNA motifs have known binding or 
chemical activity (Bourdeau et al., 1999); (ii) RNA motifs are discrete sequences or 
combinations of base juxtapositions found in high abundance, with a three-dimensional 
structures that are independent of environment (Moore, 1999); (iii) RNA motifs are 
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ordered stacked arrays of base pairs with distinctive backbone geometries with ordered 
arrays of isosteric non-Watson-Crick base pairs (Leontis and Westhof, 2003); (iv) RNA 
motifs are tRNAs, 5S rRNAs, SRP RNA, C/D box snoRNAs, hammerhead motifs, 
miRNAs, etc. (Lambert et al., 2004). 
 These definitions allow one to decipher the contents of the treasure troves of 
structural information. For example the definition given by Westhof illustrates RNA in 
the ‘molecular interaction presentation’ (stacking, pairing) [see section 1.3.4] and in the 
‘torsion presentation’ and ‘binned torsion presentation’ (backbone geometries) [see 
sections 1.3.2 and 1.3.3]. The definition given by Moore describes RNA in the ‘sequence 
presentation’ (discrete sequences) [see section 1.3.6] and in the ‘Cartesian presentation’ 
(three-dimensional structures) [see section 1.3.1].  
1.5.1 The RNA Tetraloop Motif 
 The RNA tetraloop is best known as the simplest, smallest and most frequent 
RNA motif. Tetraloops are first observed in early phylogenetic comparisons of RNAs 
(Woese et al., 1983; Tuerk et al., 1988; Woese et al., 1990). Tetraloops were seen to cap 
A-form stems (Moore, 1999), and to show exceptional thermodynamic stabilities (Tuerk 
et al., 1988; Cheong et al., 1990; Varani et al., 1991; Antao and Tinoco, 1992). 
Tetraloops are broadly grouped by sequence into three classes (Woese et al., 1990), 
which are GNRA (Woese et al., 1990; Jaeger et al., 1994), UNCG (Tuerk et al., 1988) 
and CUUG (Woese et al., 1990; Jucker and Pardi, 1995b) [where N can be any 
nucleotide and R is either G or A]. 
A loop is defined as a short RNA segment that connects one chain of a double helix 
with the other (Woese et al., 1983). We have redefined the tetraloop. Tetraloops are 
generally terminal loops, however, not all tetraloops are loops, nor are they terminal (see 
Chapters 2 and 3).  
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In sum, tetraloops are thought to (i) initiate folding of complex RNA molecules 
(Tuerk et al., 1988), (ii) stabilize helical stems (Tuerk et al., 1988; Selinger et al., 1993), 
and (iii) provide recognition elements for tertiary interactions and protein binding 
(Michel and Westhof, 1990; Puglisi et al., 1992; Jaeger et al., 1994; Cate et al., 1996a).  
1.5.2 The RNA Ion-Binding Motif? 
 Functional RNAs generally fold into stable states of given conformation (Latham 
and Cech, 1989; Celander and Cech, 1991). RNA folding is hierarchical (Brion and 
Westhof, 1997; Tinoco and Bustamante, 1999), beginning with random coil, proceeding 
through secondary structural units, e.g. stems and loops, and lastly progressing to the 
final folded state stabilized by tertiary interactions, e.g. short/long range of base-base 
hydrogen bonding and stacking interactions.  
 Ions play important roles in the folding pathway. Cations are sequestered from 
bulk solvent, and held in close proximity to the polynucleotide. Secondary structures are 
favorable in broad range of ionic conditions. Tertiary structures are favored by divalent 
cations (Cole et al., 1972; Misra and Draper, 2000). It is generally understandable that 
tertiary structure of an RNA is commonly characterized by short and long range of base-
base hydrogen bonding and stacking interactions. And a folded RNA must account three 
dimensional positions of all RNA atoms, including ions, water, etc. However the 
geometry, conformation, and binding patterns of RNA-ion are intricate and unpredictable. 
As noted by Sponer, the classical molecular mechanics is inadequate to describing the 
interactions of ions and RNAs (Gresh et al., 2003; Rulisek and Sponer, 2003; Korostelev 
et al., 2006). Should a recurrent RNA ion-binding motif that possesses general patterns 
exist among folded RNAs? The short answer is yes and relies on the Mg2+-RNA 
interactions. This is discussed in detail in Chapters 4 and 5. 
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1.6 Objective of Current Studies 
 In the current studies, I present my work on deciphering, exploring, and 
discovering the treasure troves of RNA structural informatics, mainly in the areas of 
multi-resolution analysis of RNA structure, pattern recognition of RNA structural motifs 
in the PBR space, a new descriptive language of RNA, RNA topology variation at a 
single residue level, re-defininition and unified description of the RNA tetraloop motif, 
the construction of tetraloop family tree, a novel approach to superimposing ribosome, 
and revealing of recurrent magnesium-binding motif among RNAs.  
 I develop a concept to representing RNA structure in multi-resolution. Groups of 
atoms (bases / riboses / phosphates / residues / groups of residues, motifs, etc.) are 
reduced to pseudo-objects, with locations and in some cases, orientations. Larger 
numbers of atoms in pseudo-objects correspond to lower resolutions. Structural data is 
viewed through a series of resolutions from finest to coarsest.  
 During the development of RNA structural data in multi-resolution, a very useful 
space that I have developed, called PBR space (P indicates Phosphate, B indicates Base, 
and R indicates Ribose) [see Chapter 2]. A set of unique pattern of RNA motifs, e.g. A-
helix, tetraloop, Kink-turn, E-loop motifs etc., are clearly seen in the PBR space, leading 
us to the discovery of RNA topology variations at a single residue level. Collectively 
insertions, deletions, strand clips, and 3,2 switches (topology variation) are first 
introduced by us to systematize and investigate as a general property of RNA.  
 By comparisons of this method to others (Hershkovitz et al., 2003; Larose et al., 
2005), around 30% more of tetraloops have been uncovered and classified. With all, I 
unified and re-defined the tetraloop motif and represent the relationships of groups of 
tetraloop in tree formalism, (tetraloop family tree). 
 Later I noticed that the structural alignment of very large RNA molecules is very 
challenging due to the intricate backbone and tertiary interactions. To overcome these 
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obstacles, I developed a concept of structural anchors for performing superimposition of 
23S rRNAs (see Chapter 3). 
 The successful superimposition allows me to investigate the structural 
relationship between RNA to RNA, RNA to ions, and ions to ions. More importantly, a 
recurrent magnesium-binding motif in RNAs is observed. 
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CHAPTER 2 
SINGLE NUCLEOTIDE RNA CHOREOGRAPHY 
 
2.1 Introduction 
Prediction and design of three-dimensional structures of large RNAs are best 
approached using small structural motifs, with modular and hierarchical characteristics 
(Moore, 1999; Chworos et al., 2004). The simplest, smallest and most frequent RNA 
motif is known as the tetraloop. Tetraloops are terminal loops, with characteristic four-
residue sequences first observed in early phylogenetic comparisons of RNAs (Woese et 
al., 1983; Tuerk et al., 1988; Woese et al., 1990). Tetraloops were seen to connect two 
anti-parallel chains of double-helical RNA, and so cap A-form stems (Moore, 1999). 
Isolated stem/tetraloops show well-defined structure, and exceptional thermodynamic 
stabilities (Tuerk et al., 1988; Cheong et al., 1990; Varani et al., 1991; Antao and Tinoco, 
1992). Tetraloops are thought to (i) initiate folding of complex RNA molecules (Tuerk et 
al., 1988), (ii) stabilize helical stems (Tuerk et al., 1988; Selinger et al., 1993), and (iii) 
provide recognition elements for tertiary interactions and protein binding (Michel and 
Westhof, 1990; Puglisi et al., 1992; Jaeger et al., 1994; Cate et al., 1996a). Tetraloops 
have been broadly grouped by sequence into three classes (Woese et al., 1990), which are 
GNRA (Jaeger et al., 1994; Jucker and Pardi, 1995a; Jucker et al., 1996; Butcher et al., 
1997; Correll and Swinger, 2003), UNCG (Tuerk et al., 1988; Cheong et al., 1990; Allain 
and Varani, 1995; Akke et al., 1997; Williams and Hall, 1999; Ennifar et al., 2000), and 
CUUG (Jucker and Pardi, 1995b; Baumruk et al., 2001), (where N can be any nucleotide 
and R is either G or A.)  
Here we re-define and expand the RNA motif concept, unifying what previously 
appeared to be disparate groups of structures. We focus on the tetraloop motif, and 
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demonstrate increased frequencies, new contexts, unexpected lengths, and novel 
topologies. The results, with broad implications for RNA structure in general, show that 
even at this most elementary level of organization, RNA tolerates variation in 
conformation, topology and molecular interactions. However the variation is not random; 
it is well-described by four distinct modes, which are insertions, deletions, strand clips 
and 3-2 switches. Collectively we call theses four modes DevLS (pronounced Devils, 
Deviations of Local Structure). The four DevLS are shown in Figure 2.1.  
RNA structure is commonly understood by analysis of base-base interactions and 
proximities, which led to the concept of isosteric base-pairs (Leontis and Westhof, 2001; 
Lemieux and Major, 2002; Leontis et al., 2002b; Waugh et al., 2002; Leontis and 
Westhof, 2003; Yang et al., 2003; Lee and Gutell, 2004). RNA analysis in torsional space 
can be simplified and reduced in dimensionality with pseudo-bonds, which are vectors 
between non-bonded atoms (Olson, 1975). Pattern recognition methods have been 
applied successfully, by Pyle and coworkers, to geometric relationships between pseudo-
bonds (Duarte and Pyle, 1998; Duarte et al., 2003). Finally, phylogenetic covariation 
allows one to decipher RNA secondary and tertiary structure, and thereby infer three-
dimensional structure (Levitt, 1969; Woese et al., 1983; Gutell et al., 1986; Lee et al., 
2003). In an example that is relevant to the results described here, Gutell and coworkers 
have observed the Lonepair Triloop (LPTL) (Lee et al., 2003). 
2.1.1 Multi-Resolution Analysis of RNA Structure 
 We look at RNA at various resolutions (or scales) from the finest to coarsest. 
Note that we are using the term ‘resolution’ in the sense of signal processing (Leontis et 
al., 2002b) and it should not be confused with ‘crystallographic resolution’. Resolution is 
varied by reducing natural groups of RNA atoms (bases / riboses / phosphates / residues / 
groups of residues, motifs, etc.) to pseudo-objects, with locations and orientations. Larger 
numbers of atoms in pseudo-objects correspond to lower resolutions. The basic idea is 
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that important structural features become readily observable only in certain resolution 
ranges. Therefore resolution is a variable parameter like the tunable magnification of an 
optical microscope. Analysis of spatial relationships and interactions between RNA 
pseudo-objects can reveal fundamental RNA architecture that is often obscure at a single 
resolution. Multi-resolution techniques have been very successful in protein simulations 
(Monge et al., 1995; Betancourt, 2003) and signal, and data processing (Mallat, 1999). 
We use the multi-resolution analysis in combination with molecular interactions in an 
iterative process to develop empirical motif descriptions. Interactions that become 
evident in multi-resolution analysis are appended to a search model, leading to empirical 
motif definitions.  
The HM 23S rRNA (1JJ2) is our test "database”. The crystal structure of the large 
ribosomal subunit from Haloarcula marismortui has been determined to high resolution 
by Steitz and Moore (Ban et al., 2000; Klein et al., 2001). At 2.4 Å resolution, the atomic 
positions of the vast majority of the 23S rRNA of HM LSU are well-characterized, and, 
as of this writing, are more acutely determined than any other large RNA complex 
(although error and noise cannot be ignored, Murray et al., 2003). The HM 23S rRNA, 
with over 2500 residues, constitutes a large database with a rich omnibus of RNA 
conformation and interactions. 
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Figure 2.1 RNA DevLS.  
(A) A generic RNA motif is represented schematically by four circles, which symbolize four residues. (B) 
In a motif with 3-2 switch, the positions of two bases, of residues 3 and 2 in the figure, are interchanged. 
The backbone linkage is maintained. (C) In a deleted motif, a residue is omitted (dashed line). (D) In an 
inserted motif, a residue is added. (E) In a strand clipped motif one or more residues is contributed from a 
remote region of the primary sequence. An insertion, if extensive enough can be equivalent to a strand clip. 
The numbers indicate the covalent ordering of the residues along the polynucleotide strand. These four 
DevLS arise from common enabling factors, which operate at the single nucleotide level. These factors are 
the high RNA backbone length per residue (6 bonds separate adjacent residues) and numerous torsional 
degrees of freedom of RNA nucleotides. 
 
2.2 Materials and Methods 
2.2.1 Detection of RNA Tetraloops 
 To decrease the resolution of RNA, groups of atoms (bases / riboses / phosphates 
/ residues / groups of residues, motifs, etc.) are reduced to pseudo-objects, with locations 
and in some cases, orientations. Larger numbers of atoms in pseudo-objects correspond to 
lower resolutions. A very useful space that we have developed, called PBR space (P 
indicates Phosphate, B indicates Base, and R indicates Ribose) is shown in Figure 2.2. 
We have defined the center of mass (cm) and orientation of bases, riboses, and 
phosphates. The relative orientations of adjacent bases are given by the angle bpn which 
is the angle between the two base plane normals. Information on relative positions of 
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riboses is provided by rcm. Information on relative positions of phosphates is given by 
ppp. RNA motifs are detectable by fingerprints in PBR space.  
PBR space has reduced ability to distinguish among standard tetraloops and those 
that have undergone deletions, insertions, strand clips or 3-2 switches: at this scale they 
have certain equivalencies. This blurring is the point of multi-resolution analysis: 
successively simplify the search space to find patterns that persist from the finer to 
coarser scales. If a pattern indeed remains at the coarser resolution it will be much easier 
to discover.  
2.2.2 Molecular Interaction Space, 1st Iteration  
 The 25 tetraloops identified by torsional analysis (Hershkovitz et al., 2003) were 
used to devise a minimal molecular interaction definition of a tetraloop. Each of the 25 
torsionally-derived tetraloops shows an interaction between the O2’ atom of the residue j-
1 and the N7 atom of residue j +1. No other hydrogen bonding interaction is conserved. 
Therefore a search of all j-1(O2’) to j+1(N7) interactions was conducted, giving 44 hits. 
Eleven of those are false positives, 33 are valid tetraloops.  
2.2.3 Multi-scale-spaces.  
 A variety of scale-spaces from fine to coarse grain are in preliminary use in our 
lab. We followed this path: 
(i) A tentative scale-space was defined.  
(ii) A preliminary tetraloop fingerprint in that scale-space was established 
empirically, using the 33 tetraloops identified in torsional spaces and molecular 
interaction spaces.  
(iii) The scale-space was refined, uninformative parameters were discarded, sets of 
parameters yielding redundant information were consolidated. New parameters 
were added. 
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(iv) The new empirical fingerprint for a tetraloop was determined (Scheme 2.1), 
which in combination with the molecular interaction definition, gave 41 putative 
tetraloops.  
(v) The observed tetraloops are inspected and validated. Two tetraloops were 
determined to be false positives, leaving 39 tetraloops. Therefore the PBR scale-
space revealed 6 tetraloops that had eluded us in torsional and our minimal 
interaction spaces.  
 
 
Scheme 2.1 Tetraloop fingerprint in PBR Space. 
 
2.2.4 Molecular Interaction Spaces, 2nd Iteration.  
 The additional tetraloops found in the scale-space search allowed us to re-evaluate 
the molecular interaction definition. The revised tetraloop definition allows either j-1(O2’) 
to j+1(N7) or j-1(O2’) to j+2(N7) hydrogen bonds. This definition gives 36 tetraloops, 
one of which was not found in the PBR space, and 33 false positives. None of the false 
positives are common to the molecular interaction and PBR space. In combination, PBR 
space and molecular interaction space reveal 40 tetraloops and exclude all false positives. 
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Figure 2.2 PBR space. 
(A) PBR space. A decreased resolution view of RNA, where atoms are combined to make pseudo-objects, 
and special relationships between pseudo-objects are described. (B) Residues 200-300 of 1JJ2 in PBR 
space. Note that A-helices, E-loop Motifs, Kink-Turns, etc give distinctive fingerprints in PBR space. 
 
 
2.2.5 Molecular Interaction Spaces, Final Description  
 A second class of interaction, j-1(base HB donor) to j+2 (O2P) (or less commonly 
j+1 (O2P)), is observed in 32 of the 40 observed tetraloops, with only one false positive.  
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2.2.6 Cartesian Spaces. 
 It is necessary that a general, rigorous, objective and transparent statistical definition of 
similarity be used to validate that the RNA fragments postulated to be similar are indeed 
similar, and to define false positive and false negative. For these purposes we use RMSDs 
of atomic positions.  
 
2.3 Results 
 We use multi-resolution approaches and molecular interactions to identify motifs 
in three-dimensional structures of large RNAs. The results show that tetraloops are 
commonly adorned with four types of DevLS (Figure 2.3). DevLS occur in seventeen of 
the 40 observed tetraloops. 
2.3.1 Tetraloop Family Tree 
 The incorporation of DEVLS into the tetraloop definition allows us to build a 
tetraloop family tree (Figure 2.4). Tetraloops fall naturally into eight groups, partitioned 
by the types and sites of DevLS. We have developed a nomenclature to describe tetraloop 
groups (Figure 2.3: Tl indicates tetraloop, s indicates standard, d indicates deletion, i 
indicates insertion, x indicates residue switch, subscripts indicate positions.) The most 
populated groups are the s-Tl tetraloops (21 members) and d2-Tl tetraloops (10 members).  
2.3.2 Intra-loop Interactions.  
A set of consensus molecular interactions characterize tetraloops throughout the 
family tree, summarized for the 21 s-Tl tetraloops and the 10 d2-Tl tetraloops in Table 
2.1. Observed hydrogen bonding interactions are consistent with expectations for 
‘GNRA’ tetraloops (for example, see Jucker et al., 1996) and U-turns. Hydrogen bonding 
interactions of O2’ of residue (j-1) with cross-loop base atoms are the most enduring 
throughout the tetraloop family tree. Twenty of 21 s-Tl tetraloops and 9 of 10 d2-Tl 
22 
 
tetraloops form these hydrogen bonds. s-Tl (1238) is one exception. d2-Tl (1500), the 
other exception, has an O2' (j-1) to N7 (j+1) distance of 3.5 Å, which falls nominally 
outside our hydrogen bonding cutoff. 
Although residues j-1 and j+2 appear to be poised to do so, a sheared G-A base 
pair involving them is infrequent. In s-Tl tetraloops where residue j-1 is a G and residue 
j+2 is an A, only a single hydrogen bond links them (also see Pley et al., 1994; Correll 
and Swinger, 2003); the average N3 (j-1) to N6 (j+2) distance for s-Tl tetraloops is 4.7 Å. 
However for a small subset of tetraloops with DevLS, the distance is considerably shorter 
[3.4 Å (506), 3.5 (1707), 3.5 (482)], consistent with a true sheared G-A base pair. 
As can be seen from Table 2.1, G and U at position j-1 are interchangeable in terms of 
cross-loop hydrogen bonding interactions. The hydrogen bond donors N1 and N2 of G 
are roughly replaceable by donor N3 of U in interactions with the O2P of residue j+2. G 
is preferred over U at j-1 in s-Tl tetraloops and U is preferred over G in d2-Tl tetraloops 
(see Sequence Logo: Figure 2.4).  
 
Table 2.1 Consensus Hydrogen Bonding Interactions1 in s-Tl and d2-Tl tetraloops 
s-Tl j+1 Frequency j+2 Frequency 
 O2’-N7(R)2 (19/20)3 N1/N2 (G) -O2P4 (14/14) 
j-1 O2’-N6/O6(R) (12/20) N3(U)-O2P (3/5) 
   N2(G)-N7(A) (13/14) 
d2-Tl j+1  j+2  
 O2’-N7 (R) (8/10) N1 (G) – O2P (3/3) 
j-1 O2’-N6/O6 (R)5 (0/10) N2 (G) – O5’ (3/3) 
   N3 (U) – O2P (7/7) 
1) Hydrogen bonds are determined by geometry (3.4 Å cut off and reasonable angles). 
2) This field indicates hydrogen bonding interactions between O2’ atoms of residue j-1 (right column) and 
N7 atoms of purines at residue j+1 (top row). 
3) Twenty of 21 s-Tl tetraloops have G or A at position j+1. Nineteen of these show a hydrogen bond from 
the O2’ of residue j-1 to the N7 of residue j+1. 
4) Fourteen of 14 s-Tl tetraloops with G at j-1 show a hydrogen bond from either the N1 or the N2 of G(j-1) 
to the O2P of residue j+2, or both. 
5) The hydrogen bond from the O2’ of residue j-1 to N6/O6 (R), frequency is 13/20, in s-Tl tetraloops is not 
observed in d2-Tl tetraloops. 
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Figure 2.3 Tetraloops adorned with DevLS. 
(A) Observed sites of insertions (red text) and deletions (green text) in tetraloops. (B) A standard tetraloop 
(s-Tl tetraloop 805). (C) A tetraloop with a 3,2-switch (x3,2-Tl tetraloop 482). (D) A tetraloop with a residue 
inserted at the 2 position (i2-Tl tetraloop 494). (E) A tetraloop with a residue deleted at the 2 position. (d2-
Tl tetraloop 1809). Dashed lines represent consensus hydrogen bonds. Hydrogen bond donors and 
acceptors are indicated. The top of each panel in B-E shows a consensus schematic representation. The 
bottom of each panel shows a representative 3D structure from1JJ2. 
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Figure 2.4 Tetraloop Family Tree. 
Forty tetraloops of 1JJ2 are distributed by type of position of DevLS. Insertion positions are indicated in 
red text. Deletion positions are indicated in green text. The positions of deleted residues are marked by 
underscores. Number of occurrences is indicated in black, with line widths proportional to frequency. There 
are 8 groups (boxed). The residue number of the first residue and the sequence is given for each tetraloop. 
The consensus sequence for the s-Tl and d2-Tl tetraloops are indicated by a sequence Logo representation 
(Schneider and Stephens, 1990). Entries 196, 671, 873 were described by Huang (Huang et al., 2005). 
These were not detected by our methods and are outliers in conformation and molecular interactions. 
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2.3.3 DevLS Influence Helical Capping Function 
 Seven tetraloops are flanked by strand clips, which are observed adjacent to but 
not within tetraloops. All observed strand-clipped tetraloops, by definition, cap pseudo–
helices, where bases are stacked, and assume a helical form, but are not covalently linked 
by the backbone. d2-Tl tetraloops are most frequently associated with clipping (30%). 
Three d2-Tl tetraloops are strand-clipped directly on the 5’ side of the tetraloop, between 
residues j+2 and j+3 (d2-Tl tetraloops 1187, 1809, 2598). One tetraloop is strand clipped 
between j-2 and j-3 (x3,2-Tl 482; Figure 2.3C). s-Tl 1629 is clipped between residues j+3 
and j+4. x3,2-Tl 506 is clipped between j+4 and j+5. s-Tl 1238 is clipped between residues 
j-1 and j-2. 
Observed tetraloops are mapped onto the secondary structure, and coded by group 
in Figure 2.5. It can be observed that nineteen of 21 s-Tl tetraloops cap helices (Elgavish 
et al., 2001) (not 1238 or 1629, which are clipped). All seven standard topology i-Tl 
tetraloops (tetraloops with insertions but not 3-2 switches) cap helices. None of the d2-Tl 
tetraloops cap unperturbed A-form stems. An unperturbed A-form stem exhibits well-
defined molecular interactions such as base pairing and base stacking, with no insertions 
or strand clipping. Six of 10 d2-Tl tetraloops cap helices (not 1187, 1749, 1809, or 2598). 
All non-clipped d2-Tl associated helices are perturbed by unpaired bases. One d2-Tl 
tetraloop (1749) caps neither a helix nor a pseudo-helix. This tetraloop is ‘unhinged’ in 
that both terminal resides (j-2 and j+1) crown a cavity, and are not stacked on adjacent 
helical regions. Neither of the 3-2 switched tetraloops cap helices. 
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Figure 2.5 Secondary structure of the HM 23s rRNA (1JJ2). 
Tetraloop locations and type are indicated by color. Superscripted c’s indicate strand-clipped tetraloops. A 
superscripted u indicates the unhinged tetraloop. The strand clipped tetraloops are in contexts in which they 
do not cap helical stems, as can be inferred from the secondary structure, but do cap pseudohelical stems. 
The unhinged tetraloop crowns a cavity. Entries 196, 671, 873 were described by Huang (Huang et al., 
2005). These were not detected by our methods and are outliers in conformation and molecular interactions 
 
2.3.4 Group Validation and Similarity Statistics 
 We believe that all 40 members of the Tetraloop Family Tree are structurally 
related, and should be described as members of a common motif. This conclusion is 
supported by Intra-Group and Inter-Group similarity statistics, and by conservation of 
molecular interactions. Intra-group similarity is characterized by RMSD of atomic 
positions (RMSD-AP) for atoms that are common within a group, generally backbone 
atoms. Inter-group similarity is characterized by RMSD-AP of specified backbone atoms 
that are common between two groups. RMSD-AP is determined after superimposition. 
 s-Tl tetraloops: The 21 s-Tl tetraloops fit the previous GNRA tetraloop definition. 
Intra-Group Similarity: The RMSD-AP for all backbone atoms [four residues, (j-1), (j), 
(j+1), (j+2)] is 0.65 Å, giving a natural metric for tetraloop rigidity, and an RMSD-AP 
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norm for evaluating degree of similarity between and within tetraloop groups. The atoms 
of residue j+2 show the greatest deviations (Figure 2.6). 
 
 
Figure 2.6 Superimposition of 31 tetraloops. 
The backbone atoms of the first three residues of all s-Tl and d2-Tl were superimposed. Bases are omitted 
for clarity. 
 
 d2-Tl tetraloops: In the 10 members of this group, residue (j+2) of s-Tl is absent. 
Residue j+3 of s-Tl becomes j+2 of d2-Tl. Intra-Group Similarity: the RMSD-AP is 0.30 
Å for all backbone atoms [three residues, (j-1), (j) and (j+1)] of this group. Thus d2-Tl 
tetraloops are more restrained in conformation than S-Tl tetraloops. Inter-Group 
Similarity: the RMSD-AP is 0.49 Å for the backbone atoms of the ten d2-Tl tetraloops 
and those of the corresponding residues [(j-1), (j) and (j+1)] of the 21 s-Tl tetraloops. 
This superimposition is shown in Figure 2.6. It can be seen that deletion of residue j+2 
does not appreciably change the positions of the remaining backbone atoms of these 
tetraloops. However deletion at the j+2 position is correlated with adjacent helical 
distortions such as insertions at position 3 (314, 625, 1387, 1992), clipping at position 2 
(1187, 1809, 2598), base pair disruption in the stem (1500, 1596) and unhinging (1749).  
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 i2-Tl: In the three members of this group, a residue (i2) is inserted at position 2, 
between residues (j+1) and (j+2). It should be noted that insertions in tetraloops are 
evident in the results of Huang et al. (Huang et al., 2005). Intra-Group Similarity: the 
RMSD-AP is 0.42 Å for the three i2-Tl tetraloop backbone atoms [residues (j-1), (j), (j+1) 
and (j+2), omitting the inserted residues, which show variable positions]. Inter-Group 
Similarity: the RMSD-AP is 0.76 Å for the common backbone atoms of three i2-Tl 
tetraloops and the 21 s-Tl tetraloops. All three members of the i2-Tl group show the 
consensus j-1 O2’ to j+1 N7 hydrogen bond. One of them (1707) shows hydrogen bonds 
of j-1 N1(G) to the O2P of residue i2 and j-1 N2(G) to j+2 N7(A). A second (1276) shows 
a contact distance just slightly greater than our hydrogen bond cut-off between (j-1) N3 
and i2 O1P. Two, with pyrimidines at the j-1 position, show hydrogen bonds of O2 (j-1) 
to N6 (j+2). Therefore, insertion of a residue at position 2 does not appreciably change 
the atomic positions or significantly alter the nature of the interactions. 
 d2i2(3)-Tl: In this tetraloop, as in the d2-Tl group, residue (j+2) is deleted. In 
addition, three residues are also inserted at position 2 (indicated by i2(3)). This tetraloop 
demonstrates deletion simultaneous with multi-residue insertion. Inter-Group Similarity: 
the RMSD-AP is 0.30 Å for common backbone atoms [residues (j-1), (j) and (j+1)] of the 
d2i2(3)-Tl tetraloop and the d2-Tl group. The j-1 O2’ of d2i2(3)-Tl interacts with the N7 of 
j+1. The (U) N3 of j-1 interacts with the O1P of j+2. Therefore, the three residue 
insertion at site 2 does not appreciably change the atomic positions or interactions of the 
d2-Tl tetraloop. 
 i1-Tl: In this tetraloop, there is a residue inserted at site 1, between residues (j) and 
(j+1). Inter-Group Similarity: the RMSD-AP is 0.87 Å for the backbone atoms of this 
tetraloop and the i2-Tl tetraloops (omitting the inserted residues). The RMSD-AP is 0.82 
Å for the superimposition of common backbone atoms of i1-Tl(218) and s-Tl(805). In this 
tetraloop the consensus O2’ j-1 to N7 and O6 j+1 interactions are observed. Therefore, 
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insertion at position 1 does not appreciably change the atomic positions or molecular 
interactions of this tetraloop. 
 x3,2-Tl: In this tetraloop the positions of the bases of residues j+2 and j+3 are 
exchanged. Inter-Group Similarity: The RMSD-AP is 0.27 Å for the bases of the x3,2-
Tl(482) and the bases of s-Tl(1863). Since single residue topology variation is one of the 
most unexpected discoveries of the multi-resolution method, we provide an illustration of 
this superimposition (Figure 2.7). For the superimposition and the RMSD-AP calculation, 
the ordering of the residues is switched such that (j-1), (j), (j+1), (j+3) of x3,2-Tl(482) 
were superimposed on (j-1), (j), (j+1), (j+2) of s-Tl(1863). We chose tetraloop s-Tl(1863) 
for this superimposition because it is the only standard tetraloop with the appropriate 
sequence. In x3,2-Tl(482) the consensus O2’ j-1 to N7 and N6 j+1 interactions are 
observed. In addition the N1 (j-1) to O2P (j+2) interaction is maintained. Finally, the N2 
(j-1) to N7 of j+3 (which has replaced j+2) interaction is conserved. In sum, the positions 
of the bases and the interactions between them and with the backbone are highly 
conserved even though the connections linking them differ.  
 x3,2i3-Tl: In this tetraloop the positions of the bases of residues j+2 and j+3 are 
exchanged, and in addition, a residue is inserted at position 3. Inter-Group Similarity: 
The RMSD-AP is 0.45 Å for the common bases of x3,2i3-Tl and s-Tl(691,805,1327,1629), 
with the base ordering switched as described above, and the inserted residue omitted. In 
this group, the topology is the same as x3,2-Tl group, and a residue is inserted at position 
3, between (j+2) and (j+3). In x3,2i3-Tl(506) the consensus O2’ j-1 to N7 j+1 interaction is 
observed. In addition the N1 (j-1) to O2P (j+2) interaction is maintained. Finally, the N2 
(j-1) to N7 of j+3 (which has replaced j+2) interaction is conserved. Therefore the 3-2 
switch can accommodate insertions. 
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Figure 2.7 Base positions are conserved in standard and 3-2 switched tetraloops. 
 (A) A tetraloop with a 3-2 Switch (x3,2-Tl tetraloop 482). The backbone connectivity is indicated by the 
arrows. The positions of residue j+2 (green) and j+3 (yellow) are switched relative to standard tetraloop. 
This tetraloop is clipped between residues j-2 and j-3. (B) A standard tetraloop (s-Tl tetraloop1863), with 
standard backbone connectivity. (C) Superimposition of the bases of the 3-2 Switch and the standard 
tetraloops. Backbone atoms were not used in the superimposition and are omitted from the diagram for 
clarity. All bases shown were used for the superimposition. 
 
 d1i0-Tl: In these two tetraloops, residue i0 is inserted between residues (j-1) and (j) 
and residue (j+1) is deleted. This group is equivalent to the previously described UNCG 
tetraloop (Tuerk et al., 1988; Cheong et al., 1990; Allain and Varani, 1995; Akke et al., 
1997; Williams and Hall, 1999; Ennifar et al., 2000). The ‘looped out’ N-residue of 
UNCG is equivalent to i0. Intra-Group Similarity: the RMSD-AP is 0.41. Inter-Group 
Similarity: RMSD-AP is 1.11 Å, for common backbone atoms of the two d1i0-Tl 
tetraloops and s-Tl(805) (which is an average s-Tl tetraloop). It is not clear where this 
group fits in the family tree (Figure 2.4) because the cross-loop hydrogen bonding pattern 
is slightly different from the consensus of other tetraloops. The hydrogen bond from the 
O2’ of residue j-1 is with the O6 of j+2, not the N7 of j+1, which is deleted from this 
group of tetraloops. In addition the O2 of j-1 forms a hydrogen bond with the N1 of j+2, 
which is a G in both members. It is conceivable that further analysis will lead to 
reassignment of this group to a new position in the family tree or its removal altogether. 
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2.4 Discussion 
On one level the results here correspond well with expectations, confirming that 
tetraloops have well-defined conformation (given by atomic positions and torsion angles) 
and molecular interactions (hydrogen bonding and stacking), and sequence constraints. 
However we arrive at several conclusions that extend or even contradict previous work. 
2.4.1 DevLS.  
 We propose a classification scheme where all tetraloops, U-turns, and many 
triloops, pentaloops, etc, are members of a common class (motif) that is elaborated with 
DevLS - insertions, deletions, strand clips and 3-2 switches.  This simplifying scheme can 
be applied generally to RNA motifs (kink-turns, E-loops, etc.). In fact we observe an E-
loop motif in 1JJ2 with two strand clips (residues 911-914, 1045, 1069-1072, and 1293-
1294). The commonality of the DevLS between various motifs provides a powerful 
analytical handle for RNA analysis. One can precisely decompose and describe both 
polymorphism and the underlying elemental motifs. Approximately one third of the 
tetraloops in HM 23s rRNA contain DevLS. This significant fraction of tetraloops was 
not detected in our prior work (Hershkovitz et al., 2003) where DevLS masked tetraloops. 
 The 3-2 switch is, to our knowledge, a previously unrecognized conformational 
element of RNA. We are not, however, the first to observe insertions, deletions and 
strand clips. Insertions in tetraloops are evident in the results of Huang et al. (Huang et al., 
2005). Deletions in tetraloops give the U-turn motif, and some members of LPTL motif 
of Lee (Lee et al., 2003). Insertions, deletions and strand clips in kink-turns and C-like 
motifs have been noted (Klein et al., 2001; Lescoute et al., 2005).  
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2.4.2 The 3-2 Switch  
 The 3-2 switch (Figures 2.1 and 2.3C) re-orders bases along a roughly helical 
trajectory such that the effective sequence differs to the primary sequence. Bases with an 
ordering of 1,2,3,4 in the primary sequence can rearrange, without breaking or altering 
bonds, to establish a three-dimensional ordering of 1,3,2,4. In a 3-2 switch the RNA 
backbone skips over one base, then returns to it, then proceeds on in the original direction. 
We observe three 3-2 switches in the HM 23s rRNA. Two are associated with tetraloops. 
One is associated with a clipped kink-turn (residues 42-50, 111-115, and 148-149). In 
addition there are several partial 3-2 switches in which bases 1,3,2 but not 4 are aligned. 
In sum, RNA accommodates topology variations on the dinucleotide level, whereby the 
positions and interactions of a series of bases can remain essentially unaltered while the 
backbone connection linking them varies. We believe 3-2 switches, by partially 
decoupling covalent sequence from effective sequence, may have significant implications 
in structure, reactivity and mechanism of evolutionary change. 
2.4.3 Tetraloop Triplets 
 The 3-2 switch appears to facilitate tetraloop-tetraloop interactions. We observe 
that three tetraloops in 1JJ2 associate to form a tetraloop triplet. This tetraloop triplet 
consists of tetraloops x3,2-Tl(482), x3,2i3-Tl(506) and d2-Tl(314). Tetraloops 482 and 506, 
which both contain 3-2 switches, associate via an intimate face-to-face interface, which 
includes base-pairing interactions of A(486) with A(511) - each of these is a component 
of a 3-2 switch. s-Tl(314) stacks on the other two, such that all three j-residues interact. 
We observe a similar tetraloop triplet in the 23s rRNA of D. radiodurans (1NKW, ref. 
Harms et al., 2001). In that structure, tetraloop x3,2-Tl (487) and x3,2i3-Tl(510) associate 
via an intimate face-to-face dimer, which stacks on d2-Tl(318). We hypothesize that 
tetraloop triplets play important roles in rRNA folding and stability. 
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2.4.4 The Tetraloop Family Tree  
 This tree provides a general, accurate and accessible description of tetraloops and 
of the relationships among them. The structure-based tree assumes that all tetraloops are 
members of a single motif class that varies by elaboration with DevLS. To form the tree, 
the forty observed tetraloops are split first in standard topology and 3-2 switch groups, 
and are further split by deletions and insertions, according to DEVLS positions. 
Alternative trees with different branching schemes are possible. The tree allows one to 
readily observe frequencies, relationships between DEVLS type and sequence, etc. There 
are many possible family trees. In fact we believe that it may be appropriate, if one were 
to ignore history, to recast the 10 d2-Tl tetraloops, which have the greatest conservation 
of sequence and atomic positions, as the parent motif. In this scheme the current s-Tl 
group would contain an insertion after residue j+1. With additional data, and more 
statistically meaningful tree may allow one to infer evolutionary relationships and 
mechanisms. 
2.4.5 Deleted Tetraloops, U-Turns and Lonepair TriLoops 
 The consensus hydrogen bonding interactions and sequence of s-Tl and d2-Tl 
tetraloops are consistent with the U-turn motif (Quigley and Rich, 1976; Jucker and Pardi, 
1995a; Auffinger and Westhof, 1999; Gutell et al., 2000). The d2-Tl tetraloop appears to 
be essentially identical to the original U-turn of Quigley and Rich (Quigley and Rich, 
1976). Gutell and coworkers have used sequence covariation approaches along with 
visual inspection to detect and describe a motif they refer to as the LPTL (Lee et al., 
2003).  There is considerable overlap of the LPTL motif of Gutell with the d2-Tl group 
described here (Table 2.2). However important distinctions distinguish the two motifs. 
The d2-Tl group is characterized by conserved conformation (torsion angles and atomic 
positions) and molecular interactions, which are also common to the s-Tl group and other 
tetraloops. By contrast some members of the LPTL group are conformationally distinct 
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from others, and from standard tetraloops. Some d2-Tl tetraloops lack closing base-pairs 
altogether, and so are not consistent with the LPTL definition.  
2.4.6 Variation in the Helix Capping Function of Tetraloops  
 Here, seven of forty tetraloops are strand clipped (Figure 2.5). Strand clipping 
allows RNA segments that are remote in the primary sequence to join to form a motif 
(Nagaswamy and Fox, 2002; Lee et al., 2003; Lescoute et al., 2005). Strand clipped 
tetraloops cap pseudo–helices, which commonly do not appear as stems in secondary 
structure representations. One observed tetraloop caps neither a helix nor a pseudo-helix, 
but by all other criteria is an average d2-Tl tetraloop. This tetraloop is ‘unhinged’ from 
any helical regions. None of the d2-Tl tetraloops cap a clean unperturbed helix. In sum, a 
‘tetraloop’ is not necessarily a terminal loop, which by classical definition allows a strand 
of RNA to fold back on itself to form a helical stem (Moore, 1999). 
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Table 2.2 Comparison of Lonepair Triloops (LPTL) (Lee et al., 2003) and d2-Tl tetraloops. 
 Class1 Number2  Number3 Group4 
In 
common 
IA 313:317  314 d2-Tl 
IA 624:628 625 d2-Tl 
IA 1388:1392 1389 d2-Tl 
IB 1186:1190 1187 d2-Tl 
IB 1808:1912 1809 d2-Tl 
IB 2597:2601 2598 d2-Tl 
IIA 505:509  506 x3,2i3-Tl 
IA 481:485 482 x3,2-Tl 
IIB 482:486 482 x3,2-Tl 
Identified 
in present 
work, not 
in Lee et 
al. 
Three residues inserted at insertion 
site 2. 
 392 d2i2(3)-Tl 
No LP; no residue j-2 and j+3 
unpaired5. 
1500 d2-Tl 
No LP; no residue j-2 and j+3 
unpaired. 
1596 d2-Tl 
No LP; no residue j-2 and j+3 
unpaired. 
1749u6 d2-Tl 
No LP; no residue j-2 and j+3 
unpaired. 
1992 d2-Tl 
Identified 
in Lee et 
al. (Lee et 
al., 2003), 
not in 
present 
work 
IB 125:129  Variant conformation7. 
IB 335:339 Variant conformation7. 
IIB 326:330 Variant conformation7. 
IB 1651:1655 Variant conformation7. 
IB 1966:1970 Variant conformation7. 
IB 2482:2486 Variant conformation7. 
1) Classification scheme of lonepair triloops (LPTLs) (Lee et al., 2003).  
2) Initial and final residue numbers from PDB entry 1JJ2. 
3) Residue number of position j-1 (Figure 2.3) from PDB entry 1JJ2. 
4) Tetraloop group (Figures 2.3 and 2.4), indicating DevLS position and type. 
5) LP indicates lonepair. 
6) The letter “u” indicates an unhinged d2-Tl tetraloop. 
7) The conformational states and molecular interaction of these loops are not similar to those of tetraloops. 
 
2.5 Acknowledgements 
The authors thank Jane Richardson, Laura Murray from Duke University and 
Steve Harvey from Georgia Tech for helpful discussions. 
36 
 
CHAPTER 3 
STRUCTURAL ALIGNMENT BY ANCHORED SEGMENTS: 
23 S RRNAS OF THERMUS THERMOPHILUS AND 
HALOARCULA MARISMORTUI 
 
3.1 Introduction 
 The ribosome is an ancient evolutionary machine that synthesizes protein. A 
functional bacterial ribosome (70S particle) is composed of a small 30S subunit (the 16S 
rRNA plus 21 proteins) and a large 50S subunit (the 23S and 5S rRNAs plus 31 proteins).  
 Comparison of rRNA sequences is widely used for determination of phylogenetic 
relationships. Comparison rRNA sequences led Woese and Fox to the discovery of 
Archaea, the third kingdom of life (Woese and Fox, 1977; Magrum et al., 1978; Woese et 
al., 1978). Their analysis produced the first phylogenetic tree that included prokaryotes, 
protozoa, fungi, plants, and animals (Woese, 1987).  
 Comparison of rRNA sequences is also used for determination of rRNA 
secondary structure. Understanding the relationships between 1D RNA structure (i.e., 
sequence) and 2D structure (i.e., stem/loop ensemble) remains a fundamental open 
problem in molecular biology (Zuker, 2000; Mathews et al., 2004). Recent algorithmic 
advances in RNA secondary structure prediction include combinations covariation 
analysis (Gutell et al., 2002; Gardner and Giegerich, 2004), improvements in free energy 
minimization (Mathews and Turner, 2006), and developments in partition function and 
statistical sampling approaches (Mathews, 2004; Ding, 2006).  
 The method of covariation analysis (reviewed by Gutell, Gutell et al., 2002) was 
first used by Holley to determine the secondary structure of tRNA (Holley et al., 1965), 
and by Woese and Fox to determine the secondary structure of 5s rRNA (Fox and Woese, 
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1975). Covariation was then used to determine secondary structures of the 16S (Woese et 
al., 1980) and 23S rRNA (Noller et al., 1981). Because of their utility in determining 
phylogentic relationships and secondary structure, greater than 10,000 16S and 16S-like 
rRNA and 1,000 23S and 23S-like rRNA genes have been sequenced (Cannone et al., 
2002).  
 More recently, analysis of rRNA has moved from 1D and 2D to 3D. The database 
currently contains structures of ribsomes from five organisms [Thermus thermophilus, x-
ray, 2.8 Å (Selmer et al., 2006), Escherichia coli, x-ray, 3.2 Å (Berk et al., 2006), 
Haloarcula marismortui, x-ray, 2.4 Å, LSU only (Ban et al., 2000), Deinococcus 
radiodurans, x-ray, 3.1 Å, LSU only  (Harms et al., 2001), and Saccharomyces cerevisiae, 
cryo-EM, 11.7 Å (Spahn et al., 2004)].  
 The availability of homologous 3D structures in principle allows one to align 
ribosomal rRNAs on the basis of conformation and molecular interactions. Structural 
superimposition would allow one to (i) identify regions of structural conservation and 
diversity, (ii) determine relationships between structural and sequence variation,  (iii) 
dock elements of one structure onto another, (iv)  determine relationships between 
conformational change, assembly binding, and mechanism, and (v) create in silico 
chimeras.  
 However structural alignment must take into account insertions, deletions and 
sequence variation. The best global superimposition of large RNAs must omit insertions 
and deletions.  
 Here we describe a method (SAAS; Structural Alignment by Anchored Segments) 
to accurately align and superimpose very large RNAs . We apply the method to the 
structural alignment and superimposition of 23S rRNAs from Haloacrula marismortui 
(HM23S) and Thermus thermophilus (TT23S). This method uses tetraloops as anchors to 
define RNA segments within ribosomes. Homologous segments are then paired, using 
secondary structure maps as guides. The paired segments are aligned heuristically and 
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iteratively based on 3D structure, then locally superimposed. An iterative rigid body 
superimposition is then performed to give the global superimposition of entire ribosomal 
structures. 
 
 
3.2 Methods 
3.2.1 PBR Space Analysis 
 In a multi-scaled structural motif pattern recognition approach previously 
developed in our lab (Hsiao et al., 2006), (see Chapter 2), the atoms from a coordinate 
file are extracted and transformed into PBR space (P indicates Phosphate, B indicates 
Base, and R indicates Ribose). In PBR space the resolution and complexity are attenuated. 
This change of scale reveals four RNA DevLS (Deviations of Local Structures), which 
are 3-2 switches, insertions, deletions and strand clips. With the PBR analysis, we are 
able to identify and classify all tetraloops in the 3D structures of HM23S and TT23S rRNAs. 
3.2.2 Structural Motif Anchor 
 RNA structural motifs are abundant elements that stabilize folded RNA (Moore, 
1999). The tetraloop is the simplest, most frequent,  most well-known, and best 
characterized non-helical RNA motif. Tetraloops are useful ‘anchors’ for analysis and 
comparison of 3D structures. Large RNAs can be split into tractable segments by in silico 
cutting at the tetraloops.  
3.2.3 Structural Alignment by Anchored Segments (SAAS) 
 Here we introduce the Structural Alignment by Anchored Segments (SAAS) 
approach for structural alignment and superimposistion. Structural alignment is iterated 
and optimized within each segment, followed by superimposition. The SAAS approach is 
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capable of aligning large RNAs on the basis of structure, and (ii) finding the best 
superimposition of large RNAs.  In applying SAAS to HM23S and TT23S, we follow this 
path: 
(i) Identify and classify tetraloops in the 3D structures of HM23S and TT23S rRNAs. 
(ii) Mark anchors (tetraloops) on the 2D structures of HM23S and TT23S and establish 
correspondence of anchors within the two structures. 
(iii) Map the anchors between 23S-rRNA of HM and TT and define the paired 
segment ends. The segments are called Segment Alignment Pairs (SAPs). SAPs 
are paired homologous segments of RNA of 25 to 189 residues. 
(iv)  Within each SAP, heuristically find the best structural alignment and determine 
locations of insertions and deletions.The heuristic process follows this path: 
(a) The paired tetraloop anchors are corrected for subfamily differences. Insertions 
within tetraloops are deleted. Residues paired with deletions within tetraloops are 
deleted. 
(b) SAPs of the same length are superimposed and visually inspected.  
(c) For SAPs that differ in length by one residue, each residue is systematically 
omitted from the longer segment, with a fit performed after each omission. The best 
fit determines the position of the insertion in the segment of greater length. 
(d) For SAPs that differ by two, three or four residues, residues are enumerated from 
the longer segment, with a fit performed after each omission. For example, if the 
length difference is two, every pair of residues is stepwise omitted, in all 
combinations.  
(v) Combine SAPS in a stepwise process and superimpose.  
(vi) Perform visual inspection of RNA segments that were omitted from the global 
superimposition, to determine positions of “secondary anchors”. The non-SAP 
RNA is visually inspected to determine if portions of non-aligned segments can 
be included in the global superimposition. Secondary anchors are non-tetraloop 
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RNA anchors at regions of where reasonable superimposition terminates, as 
determined by visual inspection. The goal of this step is to maximize the fraction 
of RNA used in the superimposition. I use these secondary anchors to increase the 
amount of RNA in the fit, and iterate the rigid body superimposition (return to 
step iv).  
(vii) The aligned rRNAs are used to globally superimpose the complete LSUs, 
including non-aligned rRNA, proteins, ions and solvent. 
(viii) Determine relationships between sequence conservation, structural conservation 
and effects of folding and assembly. 
 
 
3.3 Results 
 SAAS, in a divide and conquer strategy, utilizes tetraloops as structural anchors to 
define corresponding segment pairs that are used iteratively, heuristically, and visually in 
structural alignment. SAAS has been used here successfully to align HM23S and TT23S 
and LSUs. It allows us to use 73% of RNA backbone atoms (~2129 residues). After the 
superimposition the Global RMSD of backbone atomic positions is 1.2 Å. 
3.3.1 Tetraloop Family Trees of HM23S and TT23S 
 PBR space allows one to identify and classify tetraloops in the 3D structures of 
RNA.  The classification scheme is based on DevLS (Hsiao et al., 2006) (see Chapter 2). 
Once classified, tetraloops of both HM23S and TT23S  are entered into the tetraloop family 
(Figure 3.1). The tree branches first at the root of X3,2 and standard topology, which and 
leafs out with insertions and deletions at various positions. The two primary groups fall in 
the leaves of s-Tl and d2-Tl. The population of standard tetraloops in TT
23S (12 members) 
is about half that in HM23S (21 members). 
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3.3.2 Tetraloop Mapping 
After identifying and classifying the tetraloops in three dimensions (Figure 3.1), 
we establish their correspondence in the 2D maps (Figure 3.2) of the two 23S rRNAs. 
The strong resemblance of the 2D maps of HM23S and TT23S (Figure 3.2) facilitates the 
establishment of the correspondence of tetraloops. The tetraloop correspondence is 
illustrated in the 1D map shown in Figure 3.3.  
3.3.3 Structural Alignment 
The 1D anchor map shows the correspondence of tetraloops as guides to ‘divide’ 
the entire 23S rRNAs into manageable segments, of various lengths. Once the paired 
segments of HM23S at TT23S are aligned, they are termed ‘Segment Alignment Pairs’ 
(SAP). Structural alignment must consider and account for differences in DevLS, which 
are 3-2 switches, insertions, deletions, and strand clips. Sixteen SAPs, in which the head 
and tail are capped by tetraloops are defined (entries 1631ATT23S and 2205TT23S are the 
exceptions) [Table 3.1]. I was able to align 16 of 31 segments. The workable length 
difference for alignment of paired segments is less than five residues. Greater differences 
in length would consume computational resources beyond that available during the 
heuristic structural alignment. 
3.3.4   Superimposition 
In a ‘conquer’ process, the aligned SAPs are combined with some non-SAP RNA, 
and fit to give the global superimposition the 3D structures of the rRNAs. The final 
superimposition (Figure 3.4) uses 73% of RNA backbone atoms (~2129 residues) to give 
an overall RMSD of backbone atomic positions of 1.2 Å.  
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Figure 3.1 Tetraloop Family Trees.  
(A) The tetraloop family tree of the TT23S rRNA. Thirty three tetraloops are identified and classified by 
types of DevLS. (B) The tetraloop family tree of the HM23S rRNA [originally from Hsiao (Hsiao et al., 
2006)]. A new discovered tetraloop (entry 1651) is added. The tetraloop totals are indicated at the family 
tree roots. Insertion positions are indicated in red text. Deletion positions are indicated in green text. The 
positions of deleted residues are marked by underscores. Number of occurrences is indicated in black, with 
line widths proportional to frequency. 
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Figure 3.2 Secondary structures of the TT23S and HM23S. 
(A) The secondary structure of the HM23S rRNA. Entry 1651, a new subfamily of tetraloop that is 
elaborated with an insertion and a strand clip, is shown. (B) The secondary structure of the TT23S rRNA. 
The anchor symbols indicate the tetraloops that are used to define the RNA structural segments. The RNA 
structural segments are thick lines colored by the RMSDs of the atomic positions between HM23S and TT23S 
(Table 3.1), deep blue indicates more highly conserved, and deep red indicates more highly divergent. The 
gray thin line indicates the remaining structural segments that are not used in the superimpositions before 
any visual inspection. Tetraloop locations are colored by types of DevLS; yellow indicates 3-2 switches, 
green indicates deletions, red indicates insertions, superscripted c’s indicate strand clips, and cyan indicates 
standards. 
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3.3.5 Local versus Global- SAP Superimposition 
Significance of Local and Global Deviations. The RMSDs of backbone atomic 
positions after local SAP superimposition indicate the extent of similarity of the 
conformations of two segments. The difference in the RMSDs of the local and global 
SAP superimpositions indicates the degree of similarity of global position of two 
segments in the folded ribosome.  
SAP14: Conserved Conformation and Position 
 The longest SAP (SAP14; Structural Alignment Pair #14) is 189 residues in 
HM23S and 191 residues in TT23S. The heuristic fit indicates that residues 2431U and 
2432A are insertions of TT23S (or are deletions of HM23S) and so were excluded from the 
alignment. The Local-SAP Superimposition for SAP14 gives an RMSD of backbone 
atomic positions of 1.23 Å. The small magnitude of this RMSD indicates that the 
backbone positions of the segment are highly conserved in HM and TT. The Global-SAP 
Superimposition gives an RMSD of backbone atomic positions of 1.28 Å. The similarity 
of the local and the global RMSDs indicates that both the position and conformation of 
SAP14 of HM
23S is unchanged relative to TT23S.  
SAP10: Conserved Conformation and Varying Global Position 
 SAP10 is 25 residues in length, and is the shortest segment identified. The length 
of this segment is conserved in HM23S and TT23S, and the heuristic fit indicates the 
absence of insertions and deletions. The Local-SAP Superimposition gives an RMSD of 
backbone atomic positions of 0.33 Å indicating highly conserved conformation of these 
two segments. However the Global-SAP Superimposition is 0.79 Å. The 0.46 Å 
difference between the Local and Global SAP Superimpositions indicates that the 
position of the segment is different in HM23S and TT23S. The difference may arise during 
folding or during ribosomal assembly. The location of this segment at the LSU/SSU 
interface, with direct interactions with the 16S rRNA, suggests that the observed shift in 
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position occurs during assembly. The HM (PDB entry: 1JJ2) is not assembled. The TT 
(PDB entry: 2J00, 2J01) is a fully assembled ribosome. 
 
 
Figure 3.3 1D structural Map.  
Anchors are mapped from sequence of the TT23S (PDB entry: 2J01) [top] to that of the HM23S (PDB entry: 
1JJ2) [bottom]. The residue number of the first residue is given for each tetraloop. Pl indicates pentaloop. 
Tetraloops are mapped by location with type indicated by color. The red line maps insertions, the green line 
maps deletions, the yellow line maps 3,2-switches, the cyan line maps standard tetraloops, and the purple 
line maps different types of tetraloops or pentaloops. The dotted line indicates lack of corresondence. The 
question mark indicates non-motif. The star symbol indicates structurally undetermined.  
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Table 3.1 The SAPs (Segment Alignment Pairs) 
SAP 
# 
HM 
Start:End 
(# of 
residues) 
TT 
Start:End 
(# of 
residues) 
length 
Sequence 
Diff. 
(%) 
Local 
RMSD 
Global 
RMSD 
 
RMSD 
Length 
Diff. 
(= ) 
Alignment 
Anchors: 
Tl-(HM)-Tl 
Tl-(TT)-Tl 
Residue Excluded: 
(1) in HM 
(2) in TT 
1 218:253(36) 247:271J(35) 35 
42.9 
(28.6)j) 
3.74 
(0.5)j) 
0.74 0.24 1 
i1 — s 
i1 — d1i0 
(1) 244(C)a) 
(2)  
2 314:472(159) 307:466(162) 159 43.4 1.93 2.03 0.1 3 
d2 — s 
d2 — s 
(1)  
(2) 346(A)a) 387(U)a) 
388(G)a) 
3 469:511(43) 463:505(42) 42 28.6 0.62 0.82 0.2 1 
s — x3,2 
s — x3,2 
(1) 497(A)a) 
(2) 
4 734:808(75) 642:717(73) 71 40.3 0.99 1.23 0.24 2 
s — s 
i2 — s 
(1) 743(G)a), 745:746a) 
(2) 645(C)b), h) 
5 805:876(72) 714:783(70) 70 41.4 0.66 0.96 0.3 2 
s — d1i0 
s — d1i0 
(1) 835(U)a), 825(U)f) 
(2)  
6 1238:1330(93) 1135:1226(93) 93 62.6 1.72 1.74 0.02 0 
s — s 
s — s 
(1) 1288(U)f), 1279(U)g) 
(2) 1205(U)f), 1220(A)f), 
7 1327:1391(65) 1223:1285(63) 63 52.4 1.07 1.11 0.04 2 
s — d2 
s — d2 
(1) 1378(G)a), 1379(A)a) 
(2) 
8 1389:1472(84) 1283:1367(85) 84 34.5 0.79 0.94 0.15 1 
d2 — s 
d2 — s 
(1) 
(2) 1349(A)a) 
9 1707:1751(45) 1631:1673(43) 43 50.0 1.59 1.66 0.07 2 
i2 — d2 
Pli) — d2 
(1) 1707(G)h), 1710(A)h), 
1730(G)f), 
(2) 1634(A)g) 
10 1749:1773(25) 1671:1695(25) 25 16.0 0.33 0.79 0.46 0 
d2 — d1i0 
d2 — d1i0 
(1) 
(2) 
11 1809:1866(58) 1753:1810(58) 58 39.7 0.60 0.74 0.14 0 
d2 — s 
d2 — s 
(1) 
(2) 
12 1863:1921(59) 1807:1877(62) 59 50.9 1.86 1.90 0.04 3 
s — s 
s — s 
(1) 
(2) 1865(G)a), 1866(C)a),   
      1876(A)a) 
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Table 3.1 The SAPs (Segment Alignment Pairs) [cont’d] 
SAP 
# 
HM 
Start:End 
(# of residues) 
TT 
Start:End 
(# of residues) 
length 
Sequence 
Diff. 
(%) 
Local 
RMSD 
Global 
RMSD 
 
RMSD 
Length 
Diff. 
(= ) 
Alignment 
Anchors: 
Tl-(HM)-Tl 
Tl-(TT)-Tl 
Residue Excluded: 
(1) in HM 
(2) in TT 
13 2249:2415(162) 2205:2378(165) 161 33.1 1.27 1.38 0.11 3 
s — s 
Pl — s 
(1) 2339:2344c), f), 2291(A)f), 
2392:2394g) 
(2) 2206(G)h), 2218(U)h), 
2308:2309a), 
2305:2307f), 2310f) 
14 2412:2600(189) 2375:2565(191) 189 35.1 1.23 1.28 0.05 2 
s — d2 
s — d2 
(1) 2468(A)f) 
(2) 2431(U)a), 2432(A)a),   
      2433(A)f) 
15 2598:2633(36) 2563:2598(36) 36 19.4 0.34 0.40 0.06 0 
d2 — s 
d2 — s 
(1) 
(2) 
16 2630:2699(68) 2595:2662(68) 68 41.2 1.78 1.81 0.03 0 
s — s 
s — twist 
(1) 2665(A)d), 2666(U)d) 
(2) 2629(A)e) 
a) The excluded residues are determined by first trial of the heuristic superimpositions. 
b) PDB entry 2JJ1: residue 652(C) should be correctedin the PDB entry to 653(C); Residue 652(U), 654(U) and 655(A) are structurally undetermined.  
c) PDB entry 1JJ2: residues 2339 to 2343 are structurally undetermined.  
d) PDB entry 1JJ2: residue 2665(A) and 2666(U) are structurally undetermined. 
e) PDB entry 2JJ1: atoms P, O1P and O2P of residue 2629(A) are excluded during superimpositions. 
f) The excluded residues are determined by visual inspection. 
g) The excluded residues are determined by the second trial of the heuristic superimpositions. 
h) Residues are manually deleted before the heuristic superimposition so that paired tetraloops contain the same number of residues, in spite of insertions or 
deletions. 
i) Pl indicates pentaloop. 
j) The RMSD of this segment alignment pair drops after placing the secondary anchors. 
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3.3.6 A new tetraloop subfamily  
 A comparison of the 2D maps of HM23S and TT23S (Figure 3.2), marked by 
tetraloop structural anchors led to my discovery of new tetraloop subfamily. A tetraloop 
in the TT 2D map appeared to be absent from the HM 2D map. Visual inspection of the 
HM 3D structure reveals consensus tetraloop molecular interactions as described in our 
prior work (Hsiao et al., 2006) (see Chapter 2).  This tetraloop is adorned by DevLS in a 
combination not observed previously.  
d1i0(2)-Tl tetraloop.  This new tetraloop subfamily is d1i0(2)-Tl [tetraloop family 
tree entry 1651HM23S]  It has two residues (C1652HM23S and A1653HM23S) inserted between 
residues (j-1) and (j). In addition, residue (j+1) is deleted. Finally there is strand clip just 
after position 2. In this tetraloop, one of the inserted residues is similar to ‘looped out’ 
residue i0 of the classic d1i0-Tl. The consensus hydrogen bond from the O2’ of residue (j-
1) is with the O5’ of this ‘looped out’ residue. The O2’ of the ‘looped out’ residue i0 is 
hydrogen bonded to residue (j+2) [residue G]. A remote sequence of RNA stacks on the 
loop to form the 3’ stem of the strand, giving the strand clip. The RMSD of atomic 
positions of this new tetraloop and the d1i0-Tl is 0.80 Å.  This new tetraloop subfamily is 
not observed elsewhere in the 23S rRNA of HM or TT, but is in fact equivalent to the 
previously described UNCG tetraloop (Tuerk et al., 1988; Cheong et al., 1990). 
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Figure 3.4 3D global view of the superimposition of HM23S and TT23S.  
Shown is cartoon representation of TT23S (red)  and HM23S(blue). This superimposition used 73% of RNA 
backbone atoms (~2129 residues); the overall RMSD is 1.2 Å. 
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3.4 Discussion 
The availability of homologous 3D structures allows one to align ribosomal 
rRNAs on the basis of conformation and molecular interactions. Here we describe the 
structural alignment of 23s rRNAs and superimpositions of the two corresponding LSUs. 
Our approach provides an accurate superimposition (aligned 73% of backbone atoms; 
overall RMSD 1.2 Å) of HM23S and TT23S, providing a bridge between 1D RNA 
structures (sequence) and 3D RNA structures.  
To define RNA structural segments, we identify tetraloops in the 3D structure, 
locate the tetraloops onto the 1D and 2D maps, and establish their correspondence in the 
two different 23s rRNAs (Figure 3.3). The RNA structural segments defined by 
tetraloops allow us to  break the complexity of ribosomes into parts. Using this divide and 
conquer approach we have obtained an accurate superimposition. This superimposition 
allows us to determine, at atomic resolution, structural relationships between two 
ribosomes that are widely dispersed in the evolutionary tree. This process has led us to 
reanalyze and redefine the tetraloop. 
3.4.1 RNA Tetraloop  
The RNA tetraloop motif, a four-nucleotide terminal / internal loop, is adorned by 
four DevLS (Deviation of Local Structure) (Hsiao et al., 2006), which are 3-2 switch, 
insertion, deletion, and strand clip. The tetraloop motif is considered the simplest, the 
smallest and the most frequent element among all the RNA structures. Early tetraloops 
are broadly grouped by sequence into three classes, which are GNRA (Woese et al., 1990; 
Jaeger et al., 1994), UNCG (Tuerk et al., 1988) and CUUG (Woese et al., 1990; Jucker 
and Pardi, 1995b), and recently re-defined and unified by topology, geometry and DevLS 
into a tetraloop family tree (Hsiao et al., 2006), a tree formalism that represents the 
relationships between groups of tetraloop. Among the tetraloop family trees of HM23S 
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and TT23S (Figure 3.1), the standard tetraloop (s-Tl) is the most populated (observed 
frequency: 21 out of 44 in HM23S and 13 out of 33 in TT23S) that sequence logo majored 
in a GNRA class, (where N can be any nucleotide and R is either G or A). In sum (Figure 
3.5), the s-Tl group is characterized by (i) there is a cross-strand stack between residue j – 
1 (G) and residue j + 3, (ii) the residue j + 2 (A), an unhappy A, is unpaired (1 H bonding) 
and unstacked on the 3’ site, (iii) three consensus intra-loop interactions are sugar to base 
interaction: [O2’ (residue j – 1, G) to N7 (residue j + 1, G)], base to phosphate interaction: 
[N1 and N2 (residue j – 1, G) to O2P (residue j + 2, A)], and base to base interaction: 
[N2 (residue j – 1, G) to N7 (residue j + 2, A)], (iv) the backbone torsion angle α of 
residue j (N) goes to +165 from -65 of A-helix, and (v) a three bases stack, N-R-A 
stack [residues (j)-(j+1)-(j+2) stack], is commonly seen in the GNRA class tetraloop.  
3.4.2 Structural conservation and sequence conservation 
 Structural alignment and superimposition allows us to determine relationships 
between structural conservation and sequence conservation between HM and TT. One 
can observe from Figure 3.6 that local structural divergence generally increases with 
sequence divergence. The SAP with the lowest sequence divergence shows the smallest 
local structural divergence. The SAP with the greatest sequence divergence has among 
the largest structural divergence. However the signal is noisy in that some SAPs with 
reasonable divergent sequence (40%) show highly conserved structure (RMSD of atomic 
positions of backbone atoms is 0.6). For this SAP11 the structure is more conserved that 
predicted by the sequence. It appears that 3D structure and sequence evolve at different 
rates in various regions of the ribosome. 
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Figure 3.5 The summary of the GNRA tetraloop.  
(A) A representative GNRA tetraloop, from the 3D structure from 1JJ2. The backbone is represented by a 
tube. Stacking is represented by shading. (B) This view is rotated 90° relative to panel A. Three consensus 
intra-loop hydrogen bonding interactions are shown.  (C) A schematic representation of the GNRA 
tetraloop.  
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 In Figure 3.7 I colored the 2D map of TT23S by RMSD of atomic positions of 
TT23S versus HM23S. The 2D map also indicates the degree of sequence conservation. 
However in this case, the sequence conservation is not between HM23S and TT23S but for 
over 500 23S rRNA sequences, as determined by Gutell. One can observe that both the 
sequence and the structure are highly conserved within the PTC. In region domain II of 
A-helix 27 the sequences are highly divergent, while the structures are reasonably 
conserved (global RMSD: 0.61 Å).  In region domain I of A-helix 13 the sequences are 
conserved, while the structures are divergent (global RMSD: 10.6 Å).  
3.4.3 The Tetraloop Triplet assembly 
Structural alignment and superimposition allows us to identify and characterize 
conserved molecular interactions and motifs, and their associations.  As I noted (Hsiao et 
al., 2006), a tetraloop triplet is seen in the LSUs of H. marismortui and D. radiodurans 
(1NKW, ref. Harms et al., 2001). Here we report the tetraloop triplet is also seen in the 
23s rRNA of T. thermophilus, and is in fact a component of an extended, four member 
tetraloop assembly, called the Tetraloop Triplet assembly (Figure 3.8). Our 
superimposition indicates that the position and location of the assembly are highly 
conserved in HM23S and TT23S. The RMSD of backbone atomic positions, for the globally 
superimposed LSUs, for the 37 residues that form the assembly is 0.91 Å. The RMSD of 
backbone atomic positions of this assembly for the locally superimposed LSUs is 0.62 Å. 
The 0.29 Å difference between the local and global superimpositions indicates that the 
Tetraloop Triplet assembly shifts in HM23S relative to  TT23S. This movement may arise 
during folding or during LSU assembly. Tetraloop Triplet assembly consists of part of the 
ribosomal exit tunnel. It forms a continuous helical conformation on the surface of the 
ribosome. 
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Figure 3.6 The relationship between sequence variation and positional variation. 
(A) Shown is the relationship of sequence difference versus RMSD of backbone atomic positions for 16 
SAPs, which are locally (blue) and globally (red) superimposed. The left rectangle indicates the anchor at 
the 5’ terminus of the SAP. The right rectangle indicates the anchor at the 3’ terminus of the SAP. (B) 
SAPs colored by the RMSD of backbone atomic positions are shown on the secondary structural map of T. 
thermophilus 23S rRNA. The anchor symbols indicate the termini of the SAPs. Anchors with open circles 
indicate the head (5’) of a SAP. Anchors with open diamonds indicate the tail (3’) of the SAP. The hybrid 
(circle in diamond) anchors indicate the tail (3’) of SAPi and the head (5’) of SAPi+1. The 3’-end of SAP1 is 
capped by a secondary anchor, as determined by visual inspection. Tetraloop type mapping between HM23S 
and TT23S is indicated by color. Blue indicates s-Tl maps to s-Tl, green indicates deleted-Tl maps to deleted 
Tl, red indicates inserted-Tl maps to inserted Tl, yellow indicates 3,2 switch-Tl maps to 3,2 switch-Tl. 
Purple indicates the corresponding anchors are of differing types in HM and TT. 
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Figure 3.7 Sequence conservations and Structural conservations.  
Shown is the relationship of sequence deviation for over 500 ribosomes versus RMSD of backbone atomic 
positions (HM versus TT)  for all superimposed RNA (after global superimposition) mapped onto the 
secondary structure of TT23S. The degree of structural conservation is indicated by color. Deeper blue 
indicates higher structural conservation. Deeper red indicates greater structural divergence. The degree of 
sequence conservation is indicated by colored dots, data obtained from Gutell and coworkers (Cannone et 
al., 2002). 
 
 This assembly consist of tetraloops x3,2-Tl(476
TT23S), x3,2i3-Tl(500TT
23S), d2-
Tl(307TT23S) and s-Tl(488TT23S). Four layers of base-base hydrogen bonding and stacking 
plus a ternary interaction form the upper part of the Tetraloop Triplet assembly. The 
lower part is formed by an short A-helix where the remote standard tetraloop, 488TT23S, 
caps the terminus (Figure 3.8) [at the relative location, it is an i2-Tl(492) of HM
23S, 
Figure 3.3].  We hypothesize that the A-helix and the terminal tetraloop assembly along 
with the tetraloop triplet play important roles in rRNA folding and stability. 
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3.4.4 Docking and Chimeras  
In future work one might combine various SAPs on the basis of RMSDs or functional 
criteria, and reanalyze their variability. SAP11 (Table 3.1) is involved in ribosomal 
assembly. It forms intermolecular interactions with a K-turn of the SSU. SAP14 (Table 
3.1) is involved in tRNA binding. It shows ‘Key and Lock’ interactions at the E-site.  
3.4.5 3D structure prediction 
 Prediction of 3D structure is dependent on, and is significantly more difficult than, 
prediction of 2D structure. Folding of small RNAs can be simulated via all atom 
molecular dynamics. However errors arise from approximations in force-fields and from 
limitations in simulation times. Ions are important in RNA folding pathways, and must be 
included in the simulation. Divalent ions are especially difficult to treat. As noted by 
Sponer, it is unlikely that classical molecular mechanics accurately describes the anion-
cation interactions of RNA (Gresh et al., 2003; Rulisek and Sponer, 2003; Korostelev et 
al., 2006). Atomic-level simulations of folding of large and complex RNAs are beyond 
current computational resources (Shapiro et al., 2007).  
 Westhof and coworkers, for example, did propose highly useful 3D models of 
bacterial RNA P RNAs (Westhof et al., 1998). Currently the best paths to 3D structure 
prediction uses RNA secondary structures, thermodynamics and phylogeny along with 
manual manipulation, constraint satisfaction, molecular mechanics, dynamics and 
structural homology. For example Burks and coworkers (Burks et al., 2005) converted 
paired regions of 2D structures to helices, and other regions to RNA motifs, using SCOR 
(Tamura et al., 2004). Models obtained thus far are at the level of folding architecture and 
relationships between folded elements, and do not provide precise atomic positions. In 
sum the goal of producing reliable 3D structures, at atomic resolution, using RNA 
sequence as input data is a fundamental problem has not been realized. 
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Figure 3.8 The RNA Tetraloop Triplet Assembly. 
The RNA Tetraloop Triplet assembly observed in the TT23S. Green indicates the deleted tetraloop; blue 
indicates the standard tetraloop. The yellow base pairs are both within 3,2-switch tetraloops. The Top Right 
Panel shows a close up of the relevant region of secondary structure and illustrates how the Tetraloop 
Triplet facilitates folding. The Bottom Right Panel illustrates important pairing schemes within the 
Tetraloop Triplet Assembly. 
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3.4.6 Structural versus sequence analysis  
 Structural alignment and superimposition in principle allows us to determine 
relationships between the results of structural analysis and the results of sequence 
analysis. Do insertions and deletions identified by covariation analysis correspond to 
insertions and deletions identified by structural alignment? The short answer is yes, but 
the long answer is more complicated. 
 Gutell and coworkers have analyzed rRNA sequence by performing covariation 
analysis of over 500 23S ribosomal sequences from the three phylogenic kingdoms 
(Cannone et al., 2002). Using their covariation analysis results, one can construct a 
translation table relating two different ribosomal sequences, e.g. TT sequence versus HM 
sequence. One can compare insertions and deletions identified by structural alignment (as 
determined here) to sequence alignment through these two tables.  
 In many respects the tables are similar. For example both tables show an insertion 
of residue C2701TT. However there are clear differences. As illustrated in Figure 3.9 
U2701TT and U2702TT appear to be insertions in three-dimensional space. C2737HM 
aligns with C2700TT while G2738HM aligns best with C2703TT. By contrast, in the 
sequence alignment, G2738HM aligns best with U2702TT.  
 Structural alignment can provide information that is missing or noisy in the 
sequence alignment. For example residues 236-242 of the HM are aligned to residues 
265-271 of the TT in both translation tables. In the structural alignment, the translation 
table the six residues beyond residues A242HM and A271TT are aligned. Therefore the 
alignment of structure is sometimes observed even when there is no obvious alignment of 
sequence.  
 Comparisons of translation tables from sequence alignment to structural 
alignment allow one to apply structural constraints to increase the accuracy of sequence 
alignment. In addition, the comparison will facilitate the prediction of 3D structure from 
1D sequence. Thus the translation table obtained from structural alignment can be useful 
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in combination with the translation table from sequence alignment when modeling RNA 
sequences into RNA 3D structures. Finally, the structural alignment and superimposition 
allow us to identify regions of structural conservation and diversity. For examples, the 
ribosomal PTC region is structurally the most conserved, and ribosomal surface regions 
are structurally most divergent.   
 
 
Figure 3.9 RNA sequence alignment in 3D. 
The sequence of HM23S (residues 2736-2739), blue, and the sequence of TT23S (residues 2699-2704), red, 
are structurally aligned in the finished superimposition of 23S rRNAs of HM and TT. Residues are 
structurally aligned in 3D. Residues C2701TT and U2702TT (outline in black) are identified as insertions in 
the structural alignment within the finished superimposition.  
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CHAPTER 4 
COMPLEXES OF NUCLEIC ACIDS WITH  
GROUP I AND II CATIONS 
 
4.1 Introduction 
 Recent structures of large RNAs, such as the P4-P6 domain of the tetrahymena 
ribozyme (Cate et al., 1996a; Cate et al., 1996b; Cate et al., 1997; Basu et al., 1998; 
Juneau et al., 2001), and larger RNAs such as rRNAs (Cate et al., 1999; Ban et al., 2000; 
Wimberly et al., 2000; Harms et al., 2001; Yusupov et al., 2001; Klein et al., 2004; Berk 
et al., 2006; Selmer et al., 2006; Voss et al., 2006), combined with a general increase 
over time in the sophistication of diffraction experiments, show cations in diverse and 
sometimes unexpected environments. The interactions of nucleic acids with cations 
follow basic principles of coordination chemistry. The effects of cations on RNA stability 
and conformation demonstrate the endurance of these relatively simple principles.  
 One focus of this chapter is the coordination of Na+, K+, Ca2+, and Mg2+ by 
phosphates and nucleic acids. We describe coordination chemistry, electrostatic 
forces/energetics, conformational effects, and ion-selective binding. We explain the 
origins of the specific requirement for Mg2+ in RNA folding and the tight coupling 
between Mg2+ binding and RNA conformation. We describe crystallographic methods for 
determining cation positions. We propose a model of RNA folding that is consistent with 
Mg2+ coordination properties of RNA. Previous reviews are available on roles of metals 
in biology (Williams, 1971; Williams, 1991; Black et al., 1994), in polyelectrolyte theory 
(Manning, 1978; Record et al., 1978; Sharp and Honig, 1990; Anderson and Record, 
1995), in DNA structure (Swaminathan and Sundaralingam, 1979; McFail-Isom et al., 
1999; Williams and Maher, 2000; Hud and Polak, 2001; Sponer et al., 2001; Subirana 
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and Soler-Lopez, 2003), in RNA folding (Draper and Misra, 1998; Draper, 2004; Onoa 
and Tinoco, 2004; Draper et al., 2005), and in RNA catalysis (Agris, 1996; Scott and 
Klug, 1996; Pyle, 2002; Been, 2006). 
4.1.1 Modern Treasure Troves of Structural Information: Large RNAs 
Very large RNA assemblies are now available at high resolution. The largest and 
most accurate structures are used here in conjunction with smaller structures, down to the 
level of mononucleotides, to illustrate patterns of interaction of nucleic acids with 
cations. 23S-rRNAHM refers to the 23s rRNA from the archaeon H. marismortui (Ban et 
al., 2000; Klein et al., 2001) [2.4 Å resolution, PDB entry 1JJ2], a halophile from the 
Dead Sea. 23S-rRNATT refers to the 23s rRNA from eubacterium  T. thermophilus 
(Selmer et al., 2006) [2.8 Å resolution, PDB entry 2J01], isolated from a thermal vent. 
The fractional sequence identity of the 23S rRNAs from HM and TT is around 60%. 
RNAP4-P6 refers the 160 nucleotide domain of the self-splicing Tetrahymena thermophila 
intron [2.3 Å resolution, PDB entry 1HR2, this C209 mutant (Juneau et al., 2001) gives 
the best available resolution]. 
 
4.2 Folding 
4.2.1 Cations 
 During protein folding, water molecules in contact with hydrophobic surfaces are 
released to bulk solvent. During nucleic acid folding, cations are sequestered from bulk 
solvent, and held in close proximity to the polymer. Protein sidechains are multifarious, 
with a variety of shapes and chemical properties. The nucleic acid backbone is intricate, 
with many accessible rotameric states (Richardson et al., 2008), and carries charge. 
 Functional nucleic acids generally fold into compact and stable states of given 
conformation (Latham and Cech, 1989; Celander and Cech, 1991). DNA can form 
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quadruplexes (Williamson et al., 1989; Hud et al., 1999b; Neidle and Parkinson, 2003; 
Burge et al., 2006; Gill et al., 2006), triplexes (Moser and Dervan, 1987; Francois et al., 
1988; Shafer, 1998), i-motifs (Leroy et al., 1993; Gilbert and Feigon, 1999) etc. 
Structured RNAs range in size from aptamers and tRNAs to ribosomes. However some 
functional nucleic acids, such as riboswitches, are conformationally polymorphic 
(Winkler and Breaker, 2005; Coppins et al., 2007). For our purposes folded nucleic acid 
structures fall into three general classes (Cate et al., 1996a; Cate et al., 1997): (i) helical 
structures such as A-form, B-form, and triplexes, (ii) quasi-globular structures such as 
tRNA, with base-base tertiary interactions but no buried phosphates (Kim et al., 1974; 
Jack et al., 1976), and quadruplexes (Williamson et al., 1989; Neidle and Parkinson, 
2003), and (iii) true globular structures such as the tetrahymena ribozyme (Latham and 
Cech, 1989) and its P4-P6 domain (Cate et al., 1996a; Cate et al., 1996b; Cate et al., 
1997; Basu et al., 1998; Juneau et al., 2001), with base-base tertiary interactions plus 
buried OP atoms (OP indicates a non-bridging phosphate oxygen). True globular 
structures have distinct ‘insides’ and ‘outsides’. Folding of helices, quasi-globular 
structures and true globular structures increases proximities of phosphate groups, and the 
electrostatic repulsion among them. Therefore folding is intrinsically linked to 
association with cations. Phosphate-phosphate repulsion must be offset by attraction 
between phosphates and cations. Cations most strongly associate with regions of DNA 
and RNA in which phosphate groups assume greatest ‘density’. 
 As will become clear in the following sections, Mg2+ stabilizes distinctive 
conformational and energetic states of nucleic acids. Mg2+ shares a special geometric and 
electrostatic complementarily with phosphate, with a specific coordination and 
thermodynamic fingerprint. These states are simply not accessible in the absence of Mg2+, 
even when other cations are at high concentration. The thermodynamic and 
conformational consequences of first shell OP interactions with Mg2+ are different than 
for neutral ligands or for other cations, with lesser charge or greater size. 
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4.2.2 The RNA Folding Hierarchy 
 RNA folding is hierarchical (Brion and Westhof, 1997; Tinoco and Bustamante, 
1999). Folding progresses through a series of intermediates are commonly characterized 
by extents and types of base-base hydrogen bonding and stacking interactions. The 
unfolded state, the random coil, is a conformationally polymorphic and fluctuating 
ensemble with few local or long-range base-base interactions. Early intermediates contain 
double-stranded stems and hairpin loops, interspersed by single-stranded regions. These 
stems and loops are known collectively as secondary structural units. Late intermediates 
and the final folded state are stabilized by base-base tertiary interactions, between 
residues that are remote in the secondary structure. To a first approximation, secondary 
structure can be conceptually and experimentally separated from tertiary structure. 
Secondary structure forms before tertiary structure and is favorable in a broad range of 
ionic conditions. Tertiary structure is favored by divalent cations (Cole et al., 1972; Misra 
and Draper, 2000). Although compact structures with base-base tertiary interactions can 
be achieved a very high concentrations of other cations, for true globular structures, the 
fully folded state is absolutely dependent on Mg2+. It can be useful to realize a distinction 
between the tertiary structure of an RNA, which is a description of short and long range 
base-base interactions, and a folded RNA, which is a description of three dimensional 
positions of all atoms, including of course the phosphate groups.  
 A hierarchical model that focuses exclusively on base-base interactions is useful 
but somewhat limited approximation. In true globular structures, ground states are 
stabilized by specifically-associated Mg2+ ions, each with at least three first-shell OP 
ligands. The importance of Mg2+(OP)3 coordination complexes is discussed in later 
sections. Multidentate interactions of OP atoms with Mg2+ are generally local along the 
RNA backbone. A small and important subset of OP ligands of a common Mg2+ are 
remote in the secondary and primary structures, thus forming ‘electrostatic tertiary 
interactions’ (Mg2+ mediated linkages between remote OP groups). Extensive base-base 
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tertiary interactions during folding do not necessary imply formation of electrostatic 
tertiary interactions. At least some globular RNAs fold into compact (but non-native) 
structures, with extensive base-base tertiary interactions -  in the absence of Mg2+ 
(Takamoto et al., 2004). We don’t know if the converse is true (i.e., are electrostatic 
tertiary interactions fully dependent on correct base-base tertiary interactions?). At any 
rate, to fully understand and describe the structure of a globular RNA, one can extend a 
conventional tertiary description of base-base interactions to include electrostatic tertiary 
interactions. 
4.2.3 Alternative RNA Folding Hierarchies  
 To illuminate the underlying dependence of folding on cations, one can re-state 
the hierarchy of RNA folding using ‘phosphate density’.  In early folding steps, a subset 
of phosphate-phosphate distances decreases from >10 Å (P to P) in random coil to around 
5.8 to 6.2 Å (in A-form helical regions and loops). In subsequent steps, a subset of P to P 
distances decreases further, to 5.0 to 4.6 Å. Associated with this group of short P to P 
distances are tightly packed anionic OP atoms, which are in van der Waals contact with 
each other (dOP-OP = 2.8-3.2 Å). This tight packing of anionic oxygen atoms is dependent 
on multidentate chelation of Mg2+ by OP atoms. Neither monovalent cations nor 
polyamines can substitute for Mg2+ in stabilizing structures with such short OP-OP 
contacts. During folding, some phosphates and associated Mg2+ ions become buried in 
the globular interior.  
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4.3 Coordination Chemistry 
 The binding of ligands to Group I and to Group II cations is dictated by the 
chemical properties of the cations and of the ligands, and to a significant extent, by 
interactions between ligands (Williams, 1971). Chelators, with covalently linked ligands, 
create cavities for ions, and bind with greater affinity and selectivity than monomeric 
ligands. The length of the chelator linker is a critical component of stability. As the linker 
length increases the entropic cost to assembling the ligands for joint coordination 
increases. The optimum linker gives a ring size of six atoms [cation –(L)5-cation] as with 
EDTA and ADP/ATP (below). Hud and Polak previously noted the chelation properties 
of DNA, calling it an ionophore (Hud and Polak, 2001). Here we illustrate how the 
phosphate groups of nucleic acids commonly act as chelators of cations. 
4.3.1 Group I 
 Group I cations prefer hard neutral ligands, or one singly charged ligand plus 
additional neutral ligands. In their associations with nucleic acids, Group I cations are 
most commonly associated with non-anionic oxygens (i.e., oxygen atoms other than OP) 
as inner shell ligands (Draper and Misra, 1998; Shui et al., 1998). 
 The monovalent cations [sodium (Na+), potassium (K+), rubidium (Rb+), cesium 
(Cs+), thallium (Tl+) and ammonium (NH4
+), excluding lithium (Li+)] are characterized 
by relatively large ionic radii, low charge density and modest enthalpies of hydration 
(Table 4.1). The coordination chemistry of Li+, with its small atomic radius and high 
charge density, is distinct from that of other alkali metals. Tl+ and NH4
+ are listed here 
along with the Group I metals because they are well-developed K+ substitutes with useful 
spectroscopic and crystallographic signals. NH4
+ positions are indicated by NOEs in 
solution (Hud et al., 1998; Hud et al., 1999b; Hud et al., 1999a). Tl+ positions are 
indicated in solution by NMR, and in crystals by a distinctive x-ray scattering signal 
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(anomalous scattering). Tl+, K+ and  NH4
+ have similar ionic radii and enthalpies of 
hydration (Table 4.1).  
 These monovalent ions, except Li+, display irregular and variable coordination 
geometry (Brown, 1988; Brown, 1992). The variability in coordination geometry is 
associated with non-covalency of interaction, weak ligand-ligand interactions and loose 
ligand-ligand packing. For a given monovalent ion, the number of first shell ligands can 
vary from four to over ten. These properties are quantitated by ‘average observed 
coordination numbers’ (AOCN, Table 4.1) over a large number of structures within the 
Cambridge Structural Database as reported by Brown (Brown, 1988).  
 
Table 4.1 Physical Properties of Cations 
 Li+ Na+ K+ Rb+ Cs+ Tl+ NH4
+ Mg2+ Ca2+ Mn2+ 
Ionic Radiusa 
(Å) 
0.60 0.95 1.33 1.48 1.69 1.49 (b) 0.65 0.99 0.80 
Hhydration 
c
 
(kcal mol-1) 
-127 -99 -77 -72 -66 -78 -78 -458 -358  
AOCNd 5.3 6.7 9.0 9.8 10.4 8.3 (e) 5.98 7.3 5.98 
a) From I.D. Brown (Brown, 1988). 
b) The radius of a non-spherical species such as NH4
+ is not well-defined. Rashin and Honig (Rashin and 
Honig, 1985) estimated from geometrical considerations that the effective radius of NH4
+ is very nearly the 
same as the radius of K+. 
c) From Honig and Rashin (Rashin and Honig, 1985). 
d) Average Observed Coordination Numbers, from I.D. Brown (Brown, 1988). 
e) Not reported. 
 
Na+ 
 The ideal Na+ to oxygen distance is 2.4 Å (Figure 4.1A). The distance between 
first-shell ligands of Na+ is variable, depending on coordination number and coordination 
geometry. An octahedral arrangement of first shell oxgen ligands is loosely packed. The 
O to O distance is 3.4 Å, which is significantly greater than twice the van der Waals 
radius of oxygen (oxygen radius = 1.4 Å). Therefore inner shell ligands of Na+ are not 
crowded and the geometry of the Na+ inner sphere is not determined by ligand-ligand 
67 
 
interactions. A Na+ ion with ideal octahedral geometry in association with the O6 
position of a guanine of DNA with five water molecule inner shell ligands (Komeda et al., 
2006) is shown in Figure 4.1A. As can be seen the Na+ to O distances average around 2.4 
Å, while the distance between cis oxygen atoms (adjacent oxygen ligands) averages 
around 3.4 Å.  
 K+ 
 The ideal K+ to oxygen distance is around 2.7 Å. For an octahedral arrangement 
of first shell oxygen ligands in the K+ first shell, the average O to O distance is over 4.0 
Å. Thus the inner shell ligands of K+ are even sloppier than those of Na+. Specific K+ 
binders, that exclude Na+, are generally composed of stacked, planar arrangements of 
keto oxygens (Williamson et al., 1989; Hud et al., 1996; Doyle et al., 1998). In these K+ 
selective structures, the positions of the keto oxygens (Oketo) are fixed such that the 
enthalpy of dehydration is compensated by Oketo-K+ interactions but not by Oketo-Na+ 
interactions, which are too long.  
 
4.3.2 Group II  
Ca2+ 
 Ca2+ often shows irregular coordination geometry and coordination numbers 
greater than six. The ionic radius of Ca2+ is large, the charge density is low, the inner 
shell ligands are loosely packed, and the magnitude of the hydration enthalpy is small 
(compared to Mg2+). But like Mg2+, Ca2+ prefers and mix of anionic and neutral ligands. 
Mg2+  
 Mg2+, from life’s beginning, has been closely associated with some of the central 
players in biological systems - phosphates and phosphate esters (Westheimer, 1987). 
Mg2+ shares a special geometric, electrostatic, thermodynamic relationship with 
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phosphates and phosphate esters. In comparison with group I ions, Ca2+, or polyamines, 
Mg2+ has a much greater affinity for OP atoms, and binds to OP with well-defined 
geometry. Unlike other cations, Mg2+ brings OP atoms into direct contact with each other. 
 The ionic radius of Mg2+ is small (0.65 Å), the charge density is high, the six 
ligands of an octahedral inner first shell are tightly packed (Figure 4.1B), and the 
magnitude of the hydration enthalpy is large (Table 4.1). The heat of hydration of Mg2+ is 
much greater than for other biological cations (Table 4.1). Mg2+ prefers two to four 
oxyanions (along with a complement of water molecules) over uncharged oxygens and 
nitrogens as inner shell ligands.  
 The first coordination sphere of Mg2+, whether water, nucleic acid or protein, 
assumes octahedral geometry (Brown, 1988; Brown, 1992; Bock et al., 1999; Sines et al., 
2000), as shown in Figure 4.1B. The AOCN of Mg2+ is 5.98 (Brown, 1988).  Because 
Mg2+ is small and highly charged, ligand-ligand crowding is one of the hallmarks of Mg2+ 
complexes, leading to highly restrained ligand-Mg2+-ligand geometry, and strong ligand-
ligand repulsive forces. Although probably not germane to nucleic acid structure, four-
coordinate Mg2+ is observed at high temperature in the gas phase (Rodriguez-Cruz et al., 
1998).  
Hexa-aquo Mg2+ complexes 
 In hexa-aquo complexes [Mg2+(H2O)6 or Mg
2+
aq], Oxygen -- Mg
2+ distances are 
2.07 Å. The cis O--Mg--O angle is 90° and the cis O to O distance is 2.93 Å (Bock et al., 
1994; Markham et al., 2002; Bock et al., 2006).  The trans O--Mg--O angle is 180°. 
Adjacent oxygen atoms in Mg2+aq are in van der Waals contact. First shell water 
molecules are strictly oriented such that their dipole moments are directed in toward the 
metal, with Mg2+---O-H angles of 120-128°. This orientation prevents hydrogen-bonding 
between water molecules in the Mg2+ first coordination shell.  
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Figure 4.1 Sodium (Na+), Magnesium (Mg2+) coordination geometry.  
(A) A Na+ ion bound to the O6 of a guanine of DNA (ion 487 from PDB entry 2DYW). The Na+ ion 
(purple ellipsoid) is octahedral, with one bond to the floor of the major groove and five water molecules 
(hydrogens not shown). All first-shell oxygen ligands are represented by red ellipsoids. Na+-oxygen bonds 
are around 2.4 Å in length. The inner ligands are beyond van der Waals contact with each other. (B) A 
trichelated Mg2+ ion (ion 8001 from 23S-rRNAHM). This Mg2+ ion (green sphere) is octahedral, with three 
bonds to phosphate groups of RNA (cyan) and three bonds to water oxygens (red). Mg2+-oxygen bonds are 
around 2.1 Å in length. Mg2+ coordination imposes oxygen-oxygen distances of around 2.9 Å in the inner 
coordination sphere. For clarity the radii of the spheres are reduced from the van der Waals radii of the 
atoms, and have no physical significance. 
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ADP-Mg2+complexes 
  The rules of engagement for complexes of Mg2+ with ADP and ATP are highly 
predictive of Mg2+ interactions with other multidentate OP ligands such as RNA. Some 
ADP-Mg2+ and ATP-Mg2+ complexes are shown in Figure 4.2. One can observe that 
ADP and ATP are mono- and multidentate chelators of Mg2+, contributing OP ligands to 
the inner coordination sphere. In this section we focus on structural aspects of Mg2+ 
complexes with nucleotides. Thermodynamic aspects are discussed in a subsequent 
section of this chapter. 
 Mg2+ interacts with non-bridging OP atoms, but not with bridging oxygens, base 
or sugar atoms of ADP/ATP. The OP atoms of ADP bind to Mg2+ by either monodentate 
interactions (40% of structures surveyed, Figures 4.2A and B, Tables 4.2 and 4.3) or by 
bidentate chelation (60%, Figures 4.2C, 4.2D & 4.2E). Monodentate interactions occur 
exclusively by OP while bidentate chelation involves OP and OP.  
 Chelation ring size is an important factor in modulating stability. The bidentate 
chelation complexes of Mg2+ with ADP/ATP are composed of 6-membered rings 
consisting of atoms Mg2+-OP-P-O-P-OP-Mg2+. Bidentate chelation by two OP atoms 
bound to a common phosphorous atom would require a chelation ring size of four, and is 
not observed in ADT/ATP complexes. When Mg2+ is monochelated by ADP, at least one 
protein ligand is also found in the Mg2+ first shell. The protein ligand is invariably 
oxygen, but may be charged or neutral. Similarly, most bidentate ADP-Mg2+ complexes 
contain protein first shell ligands. OP ligands are adjacent to each other within the 
octahedron of first shell ligands of Mg2+. All bidentate Mg2+-ADP complexes assume cis 
(OP-Mg2+-OP angle of 90°), cis-cis or cis-cis-cis orientation of the ligands surrounding 
the Mg2+ depending on the number of first shell protein ligands. Trans bidentate Mg2+-
ADP complexes (OP-Mg2+-OP angle of 180°) are not observed and appear to be 
stereochemically prohibited. 
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ATP-Mg2+complexes 
 Mg2+ binds to ATP by bidentate (66%, Figures 4.2F, 4.2G, 4.2H & 4.2I) or 
tridentate (33%, Figure 4.2J) interactions. Monodentate ATP-Mg2+ complexes are not 
observed. The bidentate complexes are all cis, while the tridentate complexes are all cis-
cis. The tridentate complexes, by definition are bicyclic, with two six-membered rings. 
Each ring consists of six atoms (Mg2+-OP-P-O-P-OP-Mg2+) Bidentate complexes most 
commonly involve OP and OP (88%).  One OP-OP bidentate complex is observed.  
 An OP-Mg2+-OP bidentate complex would form an 8-membered ring. The 
importance of ring size in chelation complexes is underscored by the absence of a OP-
Mg2+-OP bidentate complexes in the structural database. The observed bidentate 
complexes contain from 0 to 3 protein ligands (Table 4.2), which are all oxygens, with no 
obvious preference in the number or charge of protein ligands. First shell protein ligands 
are not observed tridentate ATP complexes.  
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Table 4.2 Mg2+ interactions with ADP and ATPa 
PDB 
Entry 
Number of 1st 
Shell OP atoms 
Total 1st Shell 
Ligandsb 
Protein 
Ligands 
Orientation 
Resolution 
(Å) 
Author 
ADP 
1G6H 1 2 Ser cis 1.6 Hunt 
1L4Y 1 2 Ser cis 2.0 Ji 
1P5Z 1 3 Ser, Glu cis-cis 1.6 Lavie 
1SVL 1 2 Ser cis 1.95 Chen 
1BYQ 2 3 Asn cis-cis 1.5 Pavletich 
1KJQ 2 4 Glu, Glu cis-cis-cis 1.05 Holden 
1OHA 2 2  cis 1.9 Rubio 
1PHP 2 3 Asp cis-cis 1.65 Watson 
1RL9 2 2  cis 1.45 Chapman 
1Z2N 2 4 Asp, Asp cis-cis-cis 1.2 Hurley 
ATP 
1G5T 2 4 Glu, Thr cis-cis-trans 1.8 Bauer 
1A82 2 5 Glu, Asp, Thr  1.8 Schneider 
1D4X 2 2  cis 1.75 Almo 
1F2U 2 4 Ser, Gln cis-cis-trans 1.6 Craig 
1KAX 2 2  cis 1.7 Mckay 
1SVM 2 3 Ser cis-trans 1.94 Chen 
2IXE 2 3 Ser cis-trans 2.0 Gaudet 
2IYW 2 3 Ser cis-trans 1.85 Bartunk 
1J09 3 3  cis-cis 1.8 Yokoyama 
1OBD 3 3c  cis-cis 1.4 Wilson 
2A84 3 3  cis-cis 1.55 Eisenberg 
2NT8 3 3c  cis-cis 1.68 Rayment 
a) Structures were obtained from the PDB. Structures were rejected if the Mg2+ ion is coordinated by 
anything other than the nucleotide, water or protein. OP-Mg2+ bond lengths greater than 2.25Å, or other bad 
geometric were excluded. Ten Mg2+-ADP and 12 Mg2+-ATP structures were obtained. 
b) The total number of first shell ligands other than water molecules.  
c) These Mg2+ ions are 4 coordinate presumably because two water molecules were omitted during 
refinement. 
 
 
Table 4.3 Mg2+ Chelation by Nucleotidesa and by RNAb 
Number of 1st 
shell OP Ligands 
0 
(hexa-aquo) 
1 
(mono-dentate) 
2 
(bidentate) 
3 
(tridentate) 
ADP NA 4 6 0 
ATP NA 0 8 4 
RNA 36 40 31 10 
a) The number of nucleotides with OP atoms in the Mg2+ first-shell. Protein ligands are excluded.  
b) In 23S-rRNAHM. 
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Figure 4.2 ADP and ATP as Mg2+ chelators.  
Mg2+ ions are represented by yellow spheres and water molecules by small white spheres. Nucleotides and 
protein ligands are represented by sticks. (A) Monodentate chelation by ADP (OβP) plus one protein ligand. 
(B) Monodentate chelation by ADP with two protein ligands. (C) Bidentate chelation by ADP (OβP and 
OαP) with no protein ligands. The OP  ligands are cis. (D) Bidentate chelation by ADP plus one protein 
ligand. (E) Bidentate chelation by ADP with two protein ligands. (F) Bidentate chelation by ATP (OβP and 
OγP) with no protein ligands. (G) Bidentate chelation by ATP plus one protein ligand. (H) Bidentate 
chelation by ATP plus three protein ligands. (I) Bidentate chelation by ATP  (OαP and OβP) plus two 
protein ligands. (J) Tridentate chelation by ATP. The OP ligands are cis-cis.  
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RNA-Mg2+: OP preferred 
  With RNA, Mg2+ associates preferentially with OP atoms over base and ribose 
atoms, just as it prefers OP atoms of ATP/ADP (above). Interactions with uncharged 
functional groups of sugars and bases of RNA are infrequent (Table 4.4).  
 The arrangement of  three OP atoms and three water oxygens around one 
particular Mg2+ in a large globular RNA is shown in Figure 4.1B. The 23S-rRNAHM is a 
tridentate chelator of this Mg2+ ion, contributing three OP ligands to the inner 
coordination shell.  
 Large rRNAs such as 23S-rRNAHM are associated with many Mg2+ ions, which 
can be visualized by x-ray diffraction. Of the 117 Mg2+ atoms associated in some fashion 
with 23S-rRNAHM, 98 are “bonded” to the 23S rRNA, (Mg2+-OP distance < 2.6 Å), with 
first shell RNA ligands. The most common Mg2+ ligands are water oxygens (407 ligands). 
The vast majority of RNA ligands are OP atoms (129 first shell OP ligands). Mg2+ does 
not express a preference for O1P (63 ligands) over O2P (66 ligands). RNA bases are 
infrequent ligands, with twelve O6 atoms, ten N7 atoms, five O4 atoms, and three O2 
atoms within Mg2+ first shells. As anticipated from DNA structures (Shui et al., 1998), 
RNA amino groups, (N6, N2 and N4) do not enter the first coordination shell of Mg2+. 
The 5S rRNA associated with 23S-rRNAHM interacts with one Mg2+. There, two OP 
atoms chelate a Mg2+. 
Chelation Ring Size 
 In contrast to preferential bi- and tridentate chelation of Mg2+ by ADP and ATP, 
RNA generally prefers monodentate chelation of Mg2+ (Table 4.3). The primary reason 
for this preference is that RNA forms 10-membered chelation cycles with Mg2+ (Figures 
4.3 & 4.4), which are less favorable than the 6-membered chelation cycles of ADP/ATP 
(Figure 4.2). A second reason is that the relative positions of OP atoms in common RNA 
secondary structural elements such as A-form helices and tetraloops are not favorable for 
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multidentate chelation of Mg2+. In such canonical RNA conformations the OP atoms are 
too far apart and are not optimally oriented for multidentate Mg2+ chelation. In regions of 
irregular RNA conformation OP assume the correct geometric disposition for Mg2+ 
chelation. For example the RNA conformation in the Mg2+(OP)2 complex in Figure 4.3 
deviates profoundly from that in A-form helical RNA. 
 
Table 4.4 Paleo-Magnesium ions(a) in 23S-rRNAHM and 23s-rRNATT 
Mg2+ 
ID(b) 
Ligand Type 
(OP,B,S,P)(c) 
Mg2+ ID 
Number(d) 
rRNA residue numbers(e) 
Dual Mg2+ Bicycles 
D1 (OP)3 8001 (122) 2483 (2448), 2533 (2498), 2534 (2499) 
 D1’ (OP)2B 8002 (123) 2483 (2448), 2534 (2499), 627
Base (570Base) 
D2 (OP)3 8003 (66) 876 (783), 877 (784), 2624 (2589) 
 D2’ (OP)2 8013 (70) 877 (784), 2623 (2588) 
D3 (OP)3 8016 (86) 1504 (1395), 1678 (1603), 1679 (1604) 
 D3’ (OP)2 8029 (85) 1503 (1394), 1679 (1604) 
D4 (OP)3 8005 (124) 1836 (1780), 1838 (1782), 1839 (1783) 
 D4’ (OP)3 8007 (126) 832 (740), 1839 (1783), 1840 (1784) 
Lone Tridenate Mg2+ 
4 (OP)3 8026 (130) 2608 (2573), 2609 (2574), 2610 (2575) 
5 (OP)3 8008 (127
(f)) 919 (826), 2464 (2427), 2465 (2428), na (2429)(f) 
6 (OP)3B 8033 (133) 1747 (1669), 1748 (1670), 2585 (2550), 1749
Base 
(1671Base) 
9 (OP)3 8006 (125) 821 (730), 822 (731), 854 (761) 
10 (OP)3 8081 (143) 1420 (1314), 1421 (1315), 1438 (1332) 
Ancillary Mg2+ Ions(g) 
a1 (OP)2 8009 (272) 2611 (2576), 2612 (2577) 
a2 (OP)2 8023 (129) 2617 (2582), 2618 (2583) 
a3 (OP)2BP 8067 (422) 1845 (1789), 1846 (1790), 1884
Base (1828Base) 
a4 (OP)2 8015 (100) 844 (751), 1689 (1614) 
a5 (OP)2 8077 (141) 880 (787), 883 (790) 
a) Paleo-Magnesium ions identified by coordination and are conserved in position and coordinating ligands 
of 23S-rRNAHM and 23S-rRNATT. 
b) Refer to Figure 4.7 for the locations of these ions in the 2D structure and to Figure 4.8 for their locations 
in the 3D structure. 
c) OP indicates non-bridging phosphate; B indicates base atom; S indicates sugar (ribose) atom; P indicates 
protein atom. 
d) These are the numbers in the 1JJ2 coordinate file (23S-rRNAHM). The numbers in parenthesis refer to the 
numbers in the 2J01 coordinate file (23S-rRNATT, which follows the E. coli numbering scheme). 
e) These are the rRNA residue numbers of the Mg2+ first shell in 23S-rRNAHM. The numbers in parenthesis 
refer to 23S-rRNATT, which follows the E. coli numbering scheme. 
f) This Mg2+ does not have conserved coordination in 23S-rRNAHM [(OP)3], and 23S-rRNA
TT [(OP)4]. 
g) These ions are found in close association with Paleo-Mg2+ ions and are conserved in the 23S-rRNAHM 
and 23S-rRNATT structures.  
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Figure 4.3 RNA as Mg2+ chelator.  
Shown here is representative bidentate Mg2+(OP)2 complex with a 10-membered chelation cycle. For 
clarity the base atoms along with ribose atoms C1’, C2’ O4’ and O2’ are lightened. This bidentate complex 
forms a 10-membered chelation cycle (=1). It can be seen that this trinucleotide is in a non-A-helical 
conformational state. This is Mg2+ 8009 from 23S-rRNAHM, along with residues U(2610), G(2611) and 
A(2612).  
 
 The most frequent Mg2+ chelation motif in RNA is when OP atoms of adjacent 
residues chelate a common Mg2+ (=1, Figure 4.4). Larger ring sizes are less frequent.  
The =1 is observed at higher frequency that other bidentate complexes (Figure 4.4) 
because it offers (i) the shortest achievable linker and thus the lowest entropy penalty 
upon binding, (ii) charged oxygens (OP atoms) as first shell Mg2+ ligands, and (iii) 
favorable RNA bond rotamers. This 10-membered ring system (Mg2+-OP-P-O5’-C5’-
C4’-C3’-O3’-P-OP-Mg2+), which requires cis-oriented OP atoms around the Mg2+, is the 
elemental unit of Mg2+ chelation by RNA. Tri- and tetradentate Mg2+ complexes nearly 
always contain at least one of these 10-membered ring systems (Figures 4.5 and 4.6).  
Accuracy of 3D structures 
 The Mg2+ positions in 23S-rRNAHM are, as determined by various geometric 
criteria, highly credible, with a few exceptions. The Mg2+ to oxygen distance is an 
excellent metric in that the predicted and observed (in 23S-rRNAHM) frequencies reach 
77 
 
distinct maxima at 2.1 Å and fall to nearly zero by 2.6 Å. As indicated by relative OP 
positions, essentially all relevant Mg2+ ions were added correctly to the model. Other 
ribosome structures and smaller globular RNAs follow 23S-rRNAHM in the general 
patterns of Mg2+ interaction [for example, compare Figures 4.5 (23S-rRNAHM) & 4.6 
(RNAP4-P6 and 23S-rRNATT)]. The same level of confidence does not apply to the 
monovalent cations of 23S-rRNAHM, which in many cases display unorthodox 
coordination geometry such as fewer than three first shell ligands, and are judged to be 
less credible.  
 
 
Figure 4.4 Bidentate Mg2+ binding is predominantly local.  
OP ligands are clustered in along the RNA chain. (A) Definition of , which is the distance in residues 
between two OP ligands that bind to a common Mg2+ ion.  = 1 indicates binding by OPs of adjacent 
residues, giving a 10-membered chelation ring. (B) The observed frequency of occurrence of  values in 
23s-rRNAHM, expanded to show the distribution at small .  = 1 is preferred over all other . (C) The 
observed frequency of occurrence of  values. Small  are preferred over large . 
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Figure 4.5 RNA as Mg2+ chelator.  
Shown here are some Mg2+ chelation centers in 23S-rRNAHM. The base atoms and ribose atoms C1’, C2’ 
O4’ and O2’ are omitted for clarity. (A) Bidentate chelation by neighboring OP atoms. This common motif 
is a ten membered-ring with a cis orientation of OP ligands. This is a  = 1 complex, indicating that the OP 
atoms are contributed by reside i and residue i+1 (Mg2+ 8009, same as Figure 4.3).  (B) Tridentate chelation 
by three OP atoms from neighboring residues (1 = 1, 2 = 1, Mg2+ 8026). (C) Dual Mg2+ Bicycle Center 
D1. This is a bicyclic complex with an Mg2+-OP-P-OP-Mg2+ bridge head. One Mg2+ is involved in 
tridentate chelation by neighboring and a remote OP atoms (Mg2+ 8001, 1 = 1, 2 = 50). The tridentate 
complex is coupled to a bidentate complex (Mg2+ 8002, =51). (D) Dual Mg2+ Bicycle Center D3. This is a 
bicyclic complex with a Mg2+-OP-P-OP-Mg2+ bridge head. One Mg2+ is involved in tridentate chelation by 
two neighboring and one remote OP atoms (Mg2+ 8016, 1 = 1, 2 = 175). The tridentate complex is 
coupled to a bidentate complex (Mg2+ 8029,  = 176). (E) Dual Mg2+ Bicycle Center D2. This is a bicyclic 
complex with an Mg2+-OP-P-OP-Mg2+ bridge head. One Mg2+ is involved in tridentate chelation by two 
neighboring and one remote OP atoms (Mg2+ 8003, 1 = 1, 2 = 1747). This complex is coupled to a 
bidentate complex (Mg2+ 8013, =1746). (F) Dual Mg2+ Tricycle Center D4. This is a tricyclic complex 
with an Mg2+-OP-P-OP-Mg2+ bridge head. One Mg2+ is involved in tridentate chelation by two neighboring 
and one proximal OP atoms (Mg2+ 8005, 1 = 1, 2 = 2). This complex is coupled to another tridentate 
chelation complex, by two neighboring and one remote OP atoms (Mg2+ 8007, 1 = 1, 2 = 1007). 
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Figure 4.6 RNA as chelator, continued.  
(A) Tetradentate chelation in the Thermus thermophilus 70S Ribosome. A complex formed by two =1 
motifs (Mg2+ 245, 2J01). (B) Tridentate Mg2+ chelation in RNAP4-P6 (Mg2+ 373). Neighboring and next-
nearest neighboring phosphate groups (1 = 1, 2 = 2) bind to the same Mg2+. Note the similarity of this 
complex to that in panel F of the previous figure. 
 
Why Mg2+?  
 The predominant mode of interaction of Mg2+ with RNAs large and small is in the 
form of Mg2+aq and Mg
2+(OP)1 complexes (the five water molecules are required to 
complete the hexacoordinate coordination sphere of Mg2+(OP)1 are not specified for the 
sake of brevity) . Geometric considerations suggest that these types of Mg2+ ions can be 
substituted by other cations, such as Na+, polyamines and cationic sidechains of proteins 
without substantial alteration of RNA conformation. 
 Specific requirements for Mg2+ in RNA folding derive from Mg2+ stabilization of 
distinctive conformational states of RNA. Mg2+- specific states are characterized by bi-, 
tri- and tetradentate Mg2+ complexes with OP atoms [in Mg2+(OP)2, Mg
2+(OP)3, 
Mg2+(OP)4 complexes]. A representative Mg
2+(OP)2 complex in 23S-rRNA
HM is shown 
in Figure 4.3. The OP atoms in these multidentate complexes reach the global minimum 
in OP-OP distances in RNA. These OP atoms are in closer proximity and are more tightly 
restrained in position than in any other environment, such as when associated with larger 
ions such as K+ or Na+, or polyamines, or cationic sidechains of proteins, or when not 
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directly associated with ions. Therefore RNA conformation in the vicinity of these Mg2+ 
ions is dependent on and is specific for Mg2+.  Such tightly packed OP atoms, in 
association with Mg2+ ions, are found in all globular RNAs including  the P4-P6 domain 
of the tetrahymena ribozyme (Cate et al., 1996a; Cate et al., 1996b; Cate et al., 1997; 
Basu et al., 1998; Juneau et al., 2001) and  ribosomes (Cate et al., 1999; Ban et al., 2000; 
Wimberly et al., 2000; Harms et al., 2001; Yusupov et al., 2001; Klein et al., 2004; Berk 
et al., 2006; Selmer et al., 2006; Voss et al., 2006). Only Li+ can rival Mg2+ in driving the 
close packing of OP atoms. However the first-shell ligands of Li2+ tend to assume 
tetrahedral rather than octahedral geometry.  
Mg2+ versus Na+ 
 It has been suggested that high concentrations of Na+ attenuate OP-OP repulsion 
to the extent that globular RNAs can fold, achieving  native OP-OP proximities, in the 
absence of Mg2+ (Takamoto et al., 2004).  In evaluating such models, one must account 
for unyielding differences in the coordination chemistry of Na+ and Mg2+. The close 
proximity of adjacent OP atoms in the Mg2+ first shell is inconceivable in Na+ complexes 
at any concentration, and the preference of Na+ for neutral ligands would drive it to other 
sites.  
 It seems that globular RNAs can collapse in the presence of high [Na+] to states 
stabilized by native-like base-base tertiary interactions, but lacking electrostatic tertiary 
interactions. One might expect base-base and electrostatic interactions to be somewhat 
independent of each other because they do not necessarily link the same secondary 
elements, and do not, on a local level, necessarily act in concert. Where the phosphates 
come closest together the corresponding bases are remote from each other. 
Why chelation? When Chelation? 
 Multidentate Mg2+ binding is commonly under control of local RNA 
conformation, or conversely, RNA conformation is coupled with multidentate Mg2+ 
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binding. The relationship between local conformation and Mg2+ binding is important 
especially when OP atoms are contributed by adjacent residues (=1, Figures 4.3 and 4.4). 
Distinctive conformational states are associated with such bidentate complexes.  The 10-
membered rings push the RNA conformation away from A-helices, tetraloops, etc. Trans 
bidentate complexes are favored electrostatically (by attenuated OP-OP repulsion) in 
comparison to cis bidentate complexes, but are disfavored by the entropic cost associated 
with the necessary increased linker size. The minimum observed linker for a trans 
Mg2+(OP)2 complex in 23S-rRNA
HM/TT is four residues.  
 What stabilizes cis Mg2+ (OP)2 complexes, in which OP atoms are forced into 
close proximity? Firstly, OP - - Mg2+ attraction offsets the OP-OP repulsion. Secondly, 
repulsion is attenuated by charge transfer from OP to Mg2+. Third, RNA backbone allows 
formation of 10-membered chelation rings in the absence of rotameric restraints, i.e., in 
the absence of unfavorable bond rotations. The implications of multidentate Mg2+ 
coordination transcend thermodynamics. Close OP-OP proximities present kinetic 
barriers to changes in coordination state (Bandyopadhyay and Bhattacharyya, 2003). 
 Many multidentate Mg2+(OP)n complexes are found in 23S-rRNA
HM as described 
by Klein, Moore and Steitz (Klein et al., 2004). As noted there, the most frequent 
chelation motif is Mg2+(OP)2, where phosphate groups from neighboring residues chelate 
a common Mg2+ (Figures 4.3-4.6). Twenty five of these 10-membered bidentate chelation 
cycles are observed in 23S-rRNAHM. The OP ligands within the 10-membered cycles can 
be either O1P or O2P atoms, and are invariably in the cis orientation around the Mg2+.  
For these 10-membered cycles, by definition =1, where  is the distance, in number of 
residues, between the two OP groups (Figure 4.4). The tridentate complex shown in 
Figure 4.1B yields two different  values; 1 and 95. Nine of ten Mg2+(OP)3 centers in 
23S-rRNAHM contain at least one =1 complex. The Mg2+(OP)3 center in Figure 4.5B is 
composed of two  = 1 complexes.  
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 The chelating ring size patterns observed in 23S-rRNAHM are general features of 
large RNAs, in which Mg2+(OP)2 =1 complexes are observed alone, and in combination 
with other chelation rings. A double =1 complex, with tetradentate chelation is observed 
linking the 16S RNA with the mRNA in the intact ribosome of Thermus thermophilus 
(PDB entry 2J01, Figure 4.6A). A homolog of the Mg2+(OP)3  = 1, = 2 complex that 
forms part of the D4 center of 23S-rRNAHM (Figure 4.5F) is found in RNAP4-P6 (Figure 
4.6B). 
Bicycles, Tricycles.  
 Tridentate Mg2+-RNA complexes, although less frequent than monodentate and 
bidentate complexes, are especially important in structure, stability and function.  Ten 
=1 cycles are fused with secondary cycles to form bicyclic Mg2+(OP)3 structures in 23S-
rRNAHM. The bicycles fall into two classes; those composed of RNA and a single Mg2+ 
ion (a =1, =1 example is shown in Figure 4.5B) and those containing Mg2+-OP-P-OP-
Mg2+ linkages (Figures 4.5C-F). Four Mg2+-OP-P-OP-Mg2+ linked bicycles are observed 
in 23s-rRNAHM.  In these dual Mg2+ bicycles, called here D1, D2, D3, and D4, both the 
O1P and O2P of a single phosphate group are first shell Mg2+ ligands. In each of these 
centers, a tridentate Mg2+(OP)3 complex is paired with, and mutually stabilizes a 
bidendate Mg2+(OP)2 complex. The exception is D4, in which two Mg
2+(OP)3 complexes 
form a tricyclic structure. A dual Mg2+ bicycle (or tricycle) is essentially a single 
extended structural unit, of high rigidity, and with stability greater than the sum of the 
parts.  
 The high measure of similarity within subsets of these dual Mg2+ bicycles 
[compare Figures 4.5D (D3) with 4.5E (D2)] suggests general rules of RNA 
conformation and interaction are discernable from analysis of them. 
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 Paleo-Magnesium Ions  
 Here we introduce the concept of the paleo-Mg2+ ion. Paleo-Mg+2 ions play key 
roles in RNA folding, stability and function, and are conserved over vast evolutionary 
timescales.  They were identified initially by their RNA coordination, then validated by 
comparison between different rRNAs. Broadly, a paleo-Mg2+ ion is in either a Mg2+(OP)3 
center, with at least three RNA first shell OP ligands, or is component of a dual Mg2+ 
bicycle or tricycle. Five ancillary Mg2+(OP)2 ions are located in close association with 
Paleo-Mg2+ ions in 23S-rRNAHM/TT.  Figures 4.5B-F show examples paleo-Mg2+ ions 
from 23S-rRNAHM. The requirement for three OP first shell ligands over base and sugar 
ligands but is founded on the lower frequency and smaller contribution to stability of 
base/sugar ligands compared with OP ligands.  
 In sum 13 paleo-Mg2+ ions associate with 23s-rRNAHM (Figures 4.7 & 4.8, Table 
4.4).  Their importance in RNA folding, stability and evolution is underscored by the 
following.  
 (i) Conservation in 3D. The paleo-Mg2+ ions are highly conserved in position and 
mode of interaction between the 23s rRNAs of HM (archea) and TT (bacteria).  There is 
essentially a 1:1 mapping of paleo-Mg2+ ions, of the surrounding RNA conformation,  
and Mg2+ coordination geometry between the two 3D structures, which are separated by 
billions of years of evolution.  
 (ii) Effect on 3D structure. It is apparent that Mg2+(OP)3 complexes alone and 
especially dual Mg2+ bicycles and tricycles form unique structural entities with rigidity, 
stability and forced dispositions of functional groups that cannot be approximated by 
RNA alone or in conjunction with other ions. 
 (iii) Conservation in 2D. Paleo-Mg2+ ions generally associate with the most 
conserved 2D elements in rRNA, and link these conserved 2D elements by electrostatic 
tertiary interactions. These elements are remote in secondary structure. The relationship 
of paleo-Mg2+ ions to secondary structural elements of 23S-rRNAHM is shown in Figure 
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4.7. The secondary elements linked by paleo-Mg2+ ions are conserved between bacteria 
and archea (see next), in the proposed secondary structures of eukaryotic (Cannone et al., 
2002) and mitochondrial rRNAs,(Mears et al., 2006) and in a proposed minimal 23S-
rRNA (Mears et al., 2002). 
 (iv) Conservation of Sequence. The base sequence of the RNA surrounding paleo-
Mg2+ ions is highly conserved between the 23s rRNAs of HM and TT. Where the 
sequences do differ, only purine to purine or pyrimidine to pyrimidine substitutions are 
allowed.  
 (v) Role in Function. The locations of paleo-Mg2+ ions appear to lend critical 
support to function (Figure 4.8). Ten Paleo-Mg2+ ions form a loose ring around the 
peptidyl transfer center. Three paleo-Mg2+ ions are located by the exit of the peptide 
tunnel. Dual Mg2+ bicycles and tricycles D1, D2 and D4 flank the peptidyl transfer center, 
while D3 is located by exit of the peptide tunnel. 
 (vi) Paleo-Mg2+ ions are not coordinated by protein ligands (Table 4.4), 
suggesting ancestry prior to development of the ribosomal proteins. 
 (vii) Linkage with RNA conformation. Paleo-Mg2+ ions, by nature of their 10-
membered chelation cycles, impose constraints on RNA conformation and topology. The 
relationship between RNA conformation and Mg2+ chelation is discussed below.   
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Figure 4.7 The secondary structure of 23S-rRNAHM.  
The locations of paleo-Mg2+ ions are depicted in red. The thick red lines indicate the dual Mg2+ bicycles (D1, D2, D3 and D4). The thin red lines indicate the 
isolated Mg(OP)3 complexes. The ancillary Mg
2+(OP)2 ions, which cluster on the 2D map with paleo-Mg
2+ ions,  are shown in blue. The circles indicate the OP 
atoms that contact Mg2+ ions. Diamonds indicate base atoms that contact Mg2+ ions. 
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Figure 4.8 The locations of Paleo- / Ancillary- Mg2+ ions in 23S-rRNAHM. 
(A) View into the Peptidyl Transfer Center of 23S-rRNAHM. The thirteen Paleo-Mg2+ ions are shown as red 
spheres. The Mg2+ ions of the four dual Mg2+ bicycles/tricycle (D1, D2, D3 and D4) are indicated. 
Ancillary Mg2+ ions are shown in blue. The RNA atoms lining the peptide exit tunnel are accented in black. 
(B) This view, looking across the peptide tunnel, is rotated by 90° relative to the top panel.  The radii of the 
Mg2+ ions are increased over their normal ionic size for clarity and have no physical significance. The 
proteins and 5S rRNA are omitted for clarity. 
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Mg2+ avoids RNA motifs  
 Chelation of Mg2+ is coupled to RNA conformation. Mg2+ ions select against 
chelation complexes with canonical conformations such as A-form helices and tetraloops. 
As noted by Moore (Moore, 1999) and others (Leontis and Westhof, 2003), folded RNA 
is largely composed of a relatively small number of motifs such as A-helices (Saenger, 
1984), tetraloops (Tuerk et al., 1988; Woese and Gutell, 1989; Woese et al., 1990), E-
loop motifs (Wimberly et al., 1993; Szewczak and Moore, 1995; Leontis and Westhof, 
1998; Correll et al., 2003; Vallurupalli and Moore, 2003), kink-turns (Klein et al., 2001; 
Matsumura et al., 2003; Goody et al., 2004), etc. RNA motifs are essentially equivalent 
to RNA secondary structural units, that form early in RNA folding processes. We have 
used multi-resolution data-mining approaches to extend the definition of RNA motifs, to 
allow for deletions, insertions, strand clips and topology switches (Hsiao et al., 2006). 
Formation of RNA motifs (secondary structure) is not Mg2+-dependent. 
 One can observe that Mg2+ inner shell complexes select against RNA tetraloops. 
In Figure 4.9, first-shell OP interactions with Mg2+ are mapped onto the 23S-rRNAHM 
secondary structure, as are the locations of tetraloops (Hsiao et al., 2006). The sites of 
first shell Mg2+ coordination do not in general correspond with the locations of the 
tetraloops.  
 This preference is supported by statistical results. Automated methods 
(Hershkovitz et al., 2003; Hershkovitz et al., 2006; Hsiao et al., 2006) allow one to count 
conformational states, determine their populations (frequencies), locations and sequences. 
One can seek correlations between frequency of occurrence of conformational states and 
locations of site-bound Mg2+ ions. 23S-rRNAHM can be partitioned into conformational 
states, and grouped by frequency.  
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Figure 4.9 Multidenate Mg2+ binding selects against tetraloops.  
The secondary structure and Mg2+ contacts of the 23s rRNA from HM are shown. Tetraloop positions, as 
determined by Hsiao,(Hsiao et al., 2006) are indicated in blue. Mg2+-OP interactions are indicated by 
circles. OP atoms that interact with Mg2+ via monodentate interactions are green circles. OP atoms that 
interact with Mg2+ via bidentate interactions are yellow circles. OP atoms that interact with Mg2+ via 
tridentate interactions are red circles. 
 
RNA associated with Mg2+ is dispersed in conformational space  
 The diversity of RNA conformation in the vicinity of Mg2+(OP)2, even with 
conserved RNA ligands, is illustrated in Figure 4.10. The conformation of RNA acting as 
bidentate Mg2+ ligands is different from the conformation of other RNA, including RNA 
in the vicinities of other bidentate Mg2+ ions. This result is consistent with the 
observation of Klein Moore and Steitz that Mg2+ ions tend to bind to “highly 
idiosyncratic binding sites in 23S RNA that are un-like any previously reported” (Klein et 
al., 2004). However there are reports that in some cases Mg2+ ions bind to specific motifs 
such as non-Watson-Crick base pairs in the E-loop of the 5S rRNA (Leontis and Westhof, 
1998). 
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Figure 4.10 Mg2+ ions that form multiple bonds to RNA prefer conformational-deviants. 
Fragments of RNA that bind directly to Mg2+ were superimposed. Each of these RNA fragments bind to 
Mg2+ use the same two atoms (O1 of residue i and OP2 of residue i+1). The backbone atoms of the two 
residues that bind to the Mg2+ ions were used for the superimposition. Mg2+ ions are represented by green 
spheres. Other Mg2+ ligands (water molecules) are omitted for clarity. 
 
Mg2+-OP Energetics 
 Cations interact with nucleic acids by both electrostatic and non-electrostatic 
interactions. Stability is influenced by solvent screening and other ions, and by entropic 
effects (Sponer et al., 2001; Petrov et al., 2002; Gresh et al., 2003; Rulisek and Sponer, 
2003; Petrov et al., 2004). Entropic gain by water release may in some cases be a 
dominant factor in binding, especially for Mg2+ (below). High-level calculations 
underscore the importance of nonelectrostatic contributions, such as polarization and 
charge transfer. For example, calculations by Sponer suggest that inner-shell binding 
Mg2+ to the N7 position of a guanine significantly reduces the energy of the outer-shell 
binding of the same Mg2+ to a phosphate group, due to polarization and charge transfer 
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from Mg2+ to guanine (Rulisek and Sponer, 2003). NLPB, molecular dynamics 
simulation and other computational approaches generally assume that electrostatics are 
the only significant contribution to energy of binding. In some applications a level of 
error should be anticipated from these approximations. 
 The thermodynamic fingerprint for OP interactions with Mg2+ is anomalous in 
comparison with OP interactions with other divalent cations. For example the standard 
enthalpy of interaction of ATP in aqueous media with Mg2+ is small and positive (Khan 
and Martell, 1966). Other divalent cations (Ca2+, Mn2+, Zn2+, etc.) give negative 
enthalpies for this reaction. Thus in water, enthalpic factors are less favorable for forming 
ATP complexes with Mg2+ than with other divalent cations. The effect is related to the 
large heat of hydration of Mg2+. The negative enthalpy of ATP-Mg2+ interaction is offset 
by a larger negative entropy of interaction of Mg2+ with H2O. The magnitude of the 
entropic effect is much greater for Mg2+ than for other divalent cations. Thus the 
association of ATP with Mg2+ is driven by entropy – arising from the release of water 
molecules. This thermodynamic paradigm is specific to Mg2+, and should be applicable 
aqueous Mg2+ - OP interactions in general. 
 
4.4 Experimental methods for determination of 
cation positions in x-ray structures 
 The solvent/ion environment in the vicinity of nucleic acids is difficult to fit 
unambiguously to x-ray diffraction data. Solvent positions and species identification by 
x-ray diffraction should be considered to be approximations (Williams, 2005). 
Monovalent cations in particular present non-trivial analytical challenges. Sodium ions 
(Na+), potassium ions (K+), rubidium ions (Rb+), cesium ions (Cs+), ammonium ions and 
water molecules, and even polyamines and divalent cations, compete for overlapping 
sites adjacent DNA and RNA (Shui et al., 1998; McFail-Isom et al., 1999; Howerton et 
91 
 
al., 2001). A variety of cation species coexist and co-localize, giving partial and mixed 
occupancies. In addition, Na+ and NH4
+ scatter x-rays with nearly the same power as 
water or partially occupied K+. Therefore it is not generally correct to exclude K+ in favor 
of other species based on thermal factors. One can interchangeably fit H2O, NH4
+, Na+, 
K+, etc., to many solvent peaks simply by adjusting or fitting occupancies.  
4.4.1 Group I  
 Tl+ was initially investigated as a K+ mimic in biological systems by R.J.P. 
Williams (Manners et al., 1970; Williams, 1971) and others (Britten and Blank, 1968; 
Inturris.Ce, 1969b; Inturris.Ce, 1969a; Post et al., 1969; Kayne, 1971; Reuben and Kayne, 
1971). Tl+ can effectively replace K+ in diol dehydratase, pyruvate kinase, some 
phosphatases, and other enzymatic systems. In x-ray diffraction experiments, the 
anomalous signal of Tl+ renders it a beacon that circumvents the necessity of 
interpretation of subtle differences in coordination geometry and scattering power of K+ 
versus Na+ versus H2O. More recently Tl
+ has been used as a K+ substitute in the catalytic 
mechanisms of sodium-potassium pumps (Pedersen et al., 1998), fructose-1-6-
bisphosphatase (Villeret et al., 1995), and pyruvate kinase (Loria and Nowak, 1998). Tl+ 
has been shown to stabilize guanine quadruplexes in a manner analogous to K+ and 
ammonium (Basu et al., 2000; Caceres et al., 2004; Gill et al., 2006). We have used Tl+ 
as a probe for K+ in association with B-DNA (Howerton et al., 2001; Moulaei et al., 2005) 
and in DNA-drug complexes (Howerton et al., 2003). Doudna and coworkers used Tl+ as 
a probe for K+ in the tetrahymena ribozyme P4-P6 domain (Basu et al., 1998). Draper 
and coworkers used Tl+ as a K+ probe in the structure of a fragment of the 23S rRNA 
(Conn et al., 2002). Correll used Tl+ as a K+ probe in the structure of the sarcin/ricin loop 
of the 23S rRNA. Tl+ was used by Caspar and coworkers to determine counterion 
positions adjacent to insulin (Badger et al., 1994b; Badger et al., 1994a) and by Gill and 
Eisenberg to determine the positions of ammonium ions in the binding pocket of 
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glutamine synthetase (Gill and Eisenberg, 2001). Rb+ has also been used, with some 
success as a K+ substitute in DNA structures (Tereshko et al., 1999; Tereshko et al., 2001) 
and in ribosomal structures (Klein et al., 2004). 
4.4.2 Group II 
 In contrast to monovalent cations, Mg2+ ions can often be identified by 
coordination geometry. As noted above, Mg2+ is surrounded by an octahedron of first-
shell ligands, generally oxygen atoms, with ligand to Mg2+ distances of 2.1 and ligand to 
ligand distances of 2.9 Å (above, Figure 4.1B). No other species found in proximity to 
DNA/RNA has this geometric fingerprint. Mg2+ ions that appear to have coordination 
numbers of less than six are disordered and/or partially occupied. Mg2+ can generally be 
substituted by manganese (Mn2+) (Eisinger et al., 1962; Eisinger et al., 1965; Reuben and 
Cohn, 1970; Bock et al., 1999; Feig, 2000), which gives a useful anomalous signal (Cate 
et al., 1997; Salgado et al., 2005). Cobalt hexamine is a useful NMR probe for fully 
hydrated magnesium (Gessner et al., 1985; Sen and Crothers, 1986; Braunlin et al., 1987; 
Cowan, 1993; Rudisser and Tinoco, 2000; Brannvall et al., 2001). 
 
4.5 Reaction Coordinates for RNA Folding  
4.5.1 The utility of 3D databases for determining mechanism 
 Crystal structures, when averaged, can provide excellent predictions of solution 
behavior. It has been observed that relative populations over a large number of crystal 
structures reflect populations and relative energies in solution (Allen et al., 1996; Taylor, 
2002). Structural databases allow determination of averages and deviations of bond and 
hydrogen bond lengths, bond angles and dihedrals (Taylor et al., 1983; Taylor et al., 
1984). Structural databases also allow determination of coordination sphere geometry 
(Bock et al., 1994; Markham et al., 2002; Bock et al., 2006), and reaction coordinates 
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and transition pathways (Burgi, 1973; Burgi et al., 1973; Sundaralingam and Sekharudu, 
1989; Allen et al., 2003; Bandyopadhyay and Bhattacharyya, 2003; Hays et al., 2005). 
 Burgi and Dunitz used data-mining of crystal structures to determine reaction 
coordinates for simple organic reactions (Burgi, 1973; Burgi et al., 1973; Burgi et al., 
1974). Similarly, reaction coordinates for conformational transition reaction coordinates 
(Vargason et al., 2001) and along folding reaction coordinates (Sundaralingam and 
Sekharudu, 1989) have been determined for biological polymers.  
4.5.2 Mg2+-RNA complexes report on folding intermediates 
 As noted in previous sections, in ground state crystal structures of large RNAs OP 
atoms of Mg2+(OP)2 complexes tend to be from neighboring residues (i.e., =1 is most 
probable). Further, RNA in Mg2+(OP)2 complexes is conformationally polymorphic [i.e., 
Mg2+(OP)2 complexes are conformational-deviants].  
 Does one expect to capture such complexes within a large folded RNA? Yes, if 
Mg2+(OP)2 complexes for preferentially with single-stranded regions of RNA folding 
intermediates. Adjacent residues along a single-stranded (i.e., flexible) RNA chain 
achieve proximity with greatest probability (Flory, 1953), and are conformationally most 
polymorphic.  Adjacent residues along a double-stranded (i.e., relatively rigid) RNA 
chain achieve proximity with lower probability, and are conformationally homogeneous.  
 Thus the combined data suggest that much of Mg2+ binding to folding 
intermediates (i) is local, (ii) occurs in flexible, single-stranded regions, (iii) dampens 
flexibility, and decreases the available number of conformational states, and (iv) is fast 
on the timescale of large-amplitude RNA conformational change.  However, a subset of 
Mg2+ ions stitch together RNA elements that are remote in primary sequence (i.e., are 
distant along the backbone). During RNA folding, such electrostatic tertiary interactions 
may form after many base-base tertiary interactions. A summary of this RNA folding 
model is shown in Figure 4.11. Support for this general mechanism is provided by results 
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of Woodson and coworkers (Koculi et al., 2006), who conclude that Mg2+ dampen the 
dynamics of RNA folding intermediates. The mechanism here is consistent with 
preferential binding of Mg2+ to ssRNA over dsRNA as observed experimentally in 
solution (Kankia, 2003) even though that preference is counter to the predictions of 
polyelectrolyte theory (Manning, 1978; Record et al., 1998).  
 
 
Figure 4.11 Two limiting mechanisms of RNA folding.  
Mechansim I involves local RNA binding. Mechanism II involves long-range ‘tertiary’ interactions. 
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CHAPTER 5 
A RECURRENT MAGNESIUM-BINDING MOTIF  
PROVIDES A FRAMEWORK FOR THE PEPTIDYL 
TRANSFERASE CENTER 
 
5.1 Introduction 
The ribosome is a macromolecular machine responsible for the synthesis of all 
proteins in all living organisms. Here we demonstrate that the ribosomal peptidyl 
transferase center (PTC), the site of protein synthesis, is supported by a framework of 
magnesium microclusters (Mg2+-c’s). We show that the Mg2+-c is a recurrent motif in 
large RNAs, with pivotal roles in RNA folding, function and evolution.  
 
5.2 Methods 
RNA structures were obtained from the PDB (Berman et al., 1992). First shell 
Mg2+-ligand interactions are defined by distances less than 2.4 Å. Hydrogen bond 
distances are less than 3.4 Å between heavy atoms. A exhaustive survey of all Mg2+-RNA 
interactions was conducted with the MeRNA database (Stefan et al., 2006). L2/L8 
Homologs were obtained using Blast. Protein alignment was performed with Clustalw 
(Larkin et al., 2007). 
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5.3 Results 
5.3.1 Mg2+-c’s (D1, D2, D3, D4) 
 Four Mg2+-c’s (called Mg2+-c D1… Mg2+-c D4, Figure 5.1) are located within 
the 23S rRNAs of H. marismortui [an archaebacterium, PDB entry 1JJ2 (Ban et al., 
2000)] and T. thermophilus [a bacterium, PDB entry 2J01 (Selmer et al., 2006)]. These 
Mg2+-c’s appear to predate the  last universal common ancestor of life, because they are 
highly conserved in position, in RNA interactions, and in protein interactions (Figure 5.2) 
even though bacteria and archea diverged at the LUCA, several billions of years ago 
(Olsen and Woese, 1997). Mg2+-c’s, including those in the 16S rRNA, the P4-P6 
domain of the tetrahymena Group I intron ribozyme (Cate et al., 1997), and a Group II 
intron ribozyme (Toor et al., 2008), are defined by common features (Figure 5.2A) 
including (i) Mg2+-(O1P-P-O2P)-Mg2+ bridges, (ii) 10-membered chelation rings, 
utilizing phosphate groups of adjacent residues as Mg2+ ligands, (iii) crystalline-like 
Mg2+-Mg2+ proximities, (iv) direct Mg2+-phosphate interactions and Mg2+ dehydration, (v) 
undulated RNA surfaces with unpaired and unstacked bases, and (vi) and usually, close 
proximity to site of catalysis. Each Mg2+-c contains two Mg2+ ions plus the RNA that 
engages in first and second shell interactions with the paired Mg2+ ions. The position and 
conformation of Mg2+-c RNA is constrained by the Mg2+ ions. The relative positions of 
the Mg2+ ions are constrained by the Mg2+-(O1P-P-O2P)-Mg2+ bridges.  
 
97 
 
 
Figure 5.1 Locations of the four Mg2+-c’s in the 2D and 3D structures.  
(A) View into the PTC of H. marismortui (PDB entry 1JJ2). The four Mg2+-c’s are represented as solid 
surfaces. The RNA atoms lining the peptide exit tunnel are accented in black. Mg2+-c’s D1, D2, and D4 
encircle the PTC. Mg2+-c’s are colored: D1, purple; D2, yellow; D3, gray; D4, green. Ribosomal proteins 
and the 5S rRNA are omitted for clarity. (B) This view, looking across the peptide tunnel, is rotated by 90° 
relative to the panel A. (C) The secondary structures of LSU rRNAs of H. marismortui [23S rRNA (Ban et 
al., 2000), dashed black line] and the mitochondrion of B. taurus [16S rRNA(Sharma et al., 2003)], red 
line). Phosphate groups that are linked by electrostatic tertiary interactions within Mg2+-c’s are indicated 
by colored lines. The secondary structural elements that interact with Mg2+-c’s are conserved. In the C. 
elegans LSU, the rRNA that binds to D3 is absent (Mears et al., 2002). The question mark indicates a small 
portion of the mitochondria of B. Taurus LSU rRNA for which the secondary structure is unknown. 
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Figure 5.2 Mg2+-c schematic. 
(A) A schematic diagram illustrating the features common to Mg2+-c’s. Mg2+-c’s are characterized by 
Mg2+-(O1P-P-O2P)-Mg2+ bridges (outlined in blue), 10-membered chelation cycles (yellow), unstacked 
bases, and first shell Mg2+-phosphate interactions. Carbon is green, oxygen is red, phosphorous is orange 
and magnesium is yellow. (B) Mg2+-c D2 from H. marismortui with bases, oxyriboses and protein 
sidechains omitted. A three residue fragment of L2 contains universally conserved asparagine (g) and 
methione (h). First-shell Mg2+ contacts are black solid lines. Hydrogen bonds are dashed lines. This Mg2+-
c contains Mg2+ ions 8003 and 8013 of PDB entry 1JJ2. (C) Mg2+-c D2 from H. marismortui with bases, 
oxyriboses and protein sidechains omitted included. E. coli RNA residue numbers are shown. The H. 
Marismortui residue numbers are G885 and A875. 
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5.3.2 Three Mg2+-c’s (D1, D2 and D4) flank the PTC.  
 These Mg2+-c’s are not involved in catalysis, and do not form the innermost 
layer of the PTC, but provide the framework and supporting structure for RNA that does. 
Mg2+-c’s lend critical support to function by forming convoluted binding surfaces and 
providing rigid frameworks for attachment and buttressing of catalytic residues. No 
protein ligands penetrate the interior of the region of the magnesium clusters flanking the 
PTC, suggesting Mg2+-c ancestry prior to ribosomal proteins. The fourth (D3) is located 
near the exit site of the polypeptide exit tunnel. Previously Steitz and Moore (Hansen et 
al., 2001; Klein et al., 2004) showed that within the large subunit (LSU) of the ribosome, 
the concentration of Mg2+ ions is greatest near PTC. They also described one 
“magnesium cluster”. 
  Mg2+-c’s are highly conserved in evolution, and are found within the most 
conserved rRNA secondary structures (Figure 5.1C). Mg2+-c’s link these conserved 2D 
elements via ‘electrostatic tertiary interactions’, which are composed of phosphate-Mg2+-
phosphate interactions. The 2D elements linked within Mg2+-c’s are conserved between 
bacteria, archea, and eukarya (Cannone et al., 2002) and mitochondrial rRNAs (Sharma 
et al., 2003; Mears et al., 2006), and in a proposed minimal 23S-rRNA (Mears et al., 
2002). The exception is Mg2+-c D3, which has been dispensed of in some 
mitoribosomes (such as that of C. elegans) by conversion of the RNA-based polypeptide 
exit tunnel to a protein-based tunnel (Sharma et al., 2003).  
5.3.3 Mg2+-c D2 binds to ribosomal protein L2.  
 Ribosome activity is exquisitely sensitive to mutations in ribosomal protein L2 
(Cooperman et al., 1995; Uhlein et al., 1998; Diedrich et al., 2000; Meskauskas et al., 
2008). The amino acid sequence of the N-terminal region of ribosomal protein L2 is 
among the most highly conserved in the phylogenic tree (Table 5.1). An 18 amino acid 
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loop of L2 (loop-L2/D2) forms a binding pocket for Mg2+-c D2. Ten amino acid 
residues of loop-L2/D2 are universally conserved in all cytoplasmic and chloroplast 
ribosomes and in fungal mitoribosomes. Mutations of other residues of loop-L2/D2 are 
infrequent and are between analogous amino acids such as aspartic acid and glutamic 
acid or between valine and threonine. 
 Prior to the availability of ribosome structures beginning in 2000, a direct role for 
L2 in catalysis appeared to be consistent with phylogenic, mutagenesis and biochemical 
data. But a catalytic role for L2 is ruled out by the realization that the ribosome is a 
ribozyme (Noller et al., 1992; Nissen et al., 2000; Yusupov et al., 2001, ). The strict 
sequence conservation of loop-L2/D2 is now seen to arise from a requirement for 
complementarity of the L2 protein surface with that of Mg2+-c D2 (Figures 5.2 and 5.3). 
Asparagine (i) and the carbonyl oxygen of alanine (g) bind to the first shell water 
molecules of the Mg2+ ions. Methionine (h) and valine (c) along with the backbone 
carbonyl of an alanine (g) form a pocket for adenosine 875Hm (782Ec). Histidine (m) 
forms part of the tightly packed core of loop-L2/D2. Because its mutation knocks out 
PTC activity, histidine (m) was previously thought to be part of a serine-protease like 
charge-relay system. 
 L2 sequence conservation is required in part by conformational conservation.  The 
conformation of loop L2/D2 is highly conserved between T. thermophilus and H. 
marismortui (Figure 5.3). The RMSD of atomic positions of loop-L2/D2 is 0.6 Å (H. 
marismortui versus T. thermophilus, using all atoms of 18 residues except four differing 
sidechains, 110 atoms total). 
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Figure 5.3 The complex formed by Mg2+-c’s D4 and D2 and the loop-L2/D2 of ribosomal protein L2.  
Structures of both H. marismortui and T. Thermophilus are shown. Magnesium ions are indicated by 
spheres. When the 23S rRNAs of H. marismortui and T. thermophilus are superimposed, the RMSD of 
atomic positions of the eight Mg2+ ions within the four Mg2+-c’s is very small, only 0.4 Å.  
 
 Mg2+-c’s D1, D2 and D4 but not loop-L2/D2 are conserved in all mitoribosomes. 
Mitoribosomes have been substantially remodeled over time, as can be see by 
comparison of extant mitoribosomes with those of the ancestral endosymbiont (O'Brien, 
2003; Sharma et al., 2003; Smits et al., 2007). Mitoribosomes have twice the protein and 
half the rRNA of the bacterial ribosome. Although rRNA secondary elements that contain 
Mg2+-c’s D1, D2 and D4 are conserved all mitoribosomes, loop-L2/D2 appears to be 
absent from mitoribosomes other than those of fungi (Table 5.1). In the human 
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mitoribosome protein L8 (the mammalian equivalent of L2), the N-terminus has been 
replaced by a sequence that diverges widely from loop-L2/D2 (Table 5.1). It may be that 
loop-L2/D2 has been structurally replaced by a nuclear encoded protein with unrelated 
sequence. 
 
Table 5.1 Mg2+-c D2 Binding Loop of Ribosomal Protein L2 (loop-L2/D2)a 
SPECIES CODE 
AMINO ACID SEQUENCEb 
NNNNNNNNNNNNNNNNabcdefghijklmnopqrNNNNc 
Homo sapien EAW82048.1 KAGRAYHKYKAKRNCWPRVRGVAMNPVEHPFGGG-NHQ 
C. elegans NP_507940.1 KAGRSYHKYKAKRNSWPRVRGVAMNPVEHPHGGG-NHQ 
S. cerevisiae P05736.3 KAGRAFHKYRLKRNSWPKTRGVAMNPVDHPHGGG-NHQ 
H. marismortuid AAA86862.1 KAGNKHHKMKARGTKWPNVRGVAMNAVDHPFGGG-GRQ 
E. coli BAE77974.1 KAGAARWRGVR-----PTVRGTAMNPVDHPHGGGEGRN 
T. thermophiluse AAS81667.1 KAGRSRWLGRR-----PHVRGAAMNPVDHPHGGGEGRA 
A. thaliana-chlorof NP_051123.1 RAGSKCWLGKR-----PVVRGVVMNPVDHPHGGGEGRA 
S. cerevisiae-mitof NP_010864.1 KAGRSRWLGIR-----PTVRGVAMNKCDHPHGGGRGKS 
Homo sapien-mitog NP_057034.2 KAGRNRWLGKR-----PNSGRWHRKGGWAGRKIRPLPP 
a) The eukaryotic equivalent of L2 is L8. The mitochondrial equivalent of L2 is rml2. Blue text indicates 
conserved sequences in all ribosomes including mitoribosomes. Red text indicates conserved sequences in 
all cytoplasmic and chloroplast ribosomes and in fungal mitoribosomes, but not in other mitoribosomes.  
The ordering of this table was obtained from the complete L2/L8/rml2 sequence alignment with ClustlW 
(Larkin et al., 2007). 
b) Loop-L2/D2 is bold. Conserved residues are in red. Observed sequence changes of loop-L2/D2 are 
conservative. 
c) Positions of loop-L2/D2 are defined by a-r. 
d) Loop-L2/D2 contains ribosomal protein L2 residues 187-204 in H. marismortui. 
e) Loop-L2/D2 contains L2 residues 219-226 in T. thermophilus. 
f) Loop-L2/D2 contains rml2 residues 331-348 in S. cerevisiae. Mitochondrial and chloroplast ribosomes 
are thought to have undergone major remodeling (O'Brien, 2003; Sharma et al., 2003; Smits et al., 2007) 
and are the most divergent from other ribosomes. 
g) The Homo Sapien mitoribosome lacks loop-L2/D2 as do other non-fungal mitoribosomes. 
 
 
5.4 Discussion 
 Mg2+-c’s by nature of their Mg2+-(O1P-P-O2P)-Mg2+ linkages impose unusual 
constraints on RNA conformation and force de-stacking of bases. Mg2+-c’s are unique 
structural entities with rigidity and forced dispositions of functional groups that cannot be 
approximated by RNA alone or by RNA in association with other ions. The bridging 
phosphate is, like all phosphates, restricted to tetrahedral geometry. The ligands of Mg2+ 
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ions are restricted to octahedral geometry. Therefore the core of each cluster is rigid and 
tightly packed. It can be seen that the RNA of Mg2+-c’s form intricate and convoluted 
surfaces (Figure 5.3).  
 Mg2+-c’s are observed in other ribozymes. A Mg2+-c, see appendix xxx, is 
observed in the P4-P6 domain of the tetrahymena Group I intron ribozyme (Cate et al., 
1997). An additional Mg2+-c was recently described in a Group II intron  ribozyme 
(Toor et al., 2008). A Mg2+-c in the 16S rRNA of T. thermophilus [PDB entry 1FJG 
(Carter et al., 2000)], is disrupted upon ribosomal assembly [PDB entry 2J00 (Selmer et 
al., 2006)]. The SARS s2m RNA described by Scott contains a pair of Mg2+ ions linked 
by a single phosphate (Robertson et al., 2005), but those Mg2+ are otherwise fully 
hydrated, with no additional RNA ligands and so do not constitute a Mg2+-c. 
 The Mg2+-c’s in the LSU, the Group I intron, and the Group II intron differ from 
the Mg2+ complexes proposed in the two-Mg2+ catalyzed phosphoryl-transfer mechanism 
(Beese and Steitz, 1991; Steitz and Steitz, 1993). In those complexes, a phosphate oxygen 
(not a phosphate group) bridges two Mg2+ ions, with a Mg2+-Mg2+ distance of 3.9 Å.  
Reasonable coordination geometry in a Mg2+-c results in Mg2+-Mg2+ distances of  5.3 to 
5.6 Å (except for the doubly bridged D1 cluster, with a Mg2+-Mg2+ distance of 4.7 Å).  
 Mg2+-c’s facilitate RNA folding. The conformational space accessible to RNA is 
rather limited, and is driven by stacking interactions and double-strand formation. As 
noted by Noller (Noller, 2004), small molecules can extend the repertoire of RNA 
structures, and probably performed just that role during early evolution.  Magnesium in 
particular can drive RNA into unusual conformation states (Klein et al., 2004). Mg2+-c’s 
demonstrate not only Mg2+-driven deviation from canonical stacked conformations, but 
show how these altered states increase surface undulation, and facilitate highly specific 
interactions, such as those observed between Mg2+-c D2 and loop-L2/D2 and between 
Mg2+-c’s D2 and D4 (Figure 5.3).  
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 
 
At atomic resolution (high resolution), large RNAs show a high level of 
complexity in conformation and in inter-and intra-molecular interactions. A given RNA 
motif with a conserved basic structure can be adorned by four types of DevLS, which are 
structural insertions, structural deletions, strand clips, and 3,2-switches. (see sections 
2.3.4 and 2.4.2). Once DevLS are recognized the underlying structure is simpler and 
more tractable to analysis. 
6.1 Multi-resolution Analysis of RNA Structure 
I developed a multi-resolution technique for representing and analyzing RNA 
structures (Chapters 2 and 3). In this method RNA is viewed at various resolutions. At 
PBR resolution groups of RNA atoms (bases / riboses / phosphates / residues / motifs, 
etc.) are reduced to pseudo-objects, with locations and orientations. At PBR resolution 
(lower resolution), fundamental RNA architecture becomes readily observable (Figure 
2.2, Chapter 2). 
I used the multi-resolution approach for analysis of RNA tetraloop frequency and 
conservation between homologous structures. The method detects 44 tetraloops within 
the 23S rRNA of H. marismortui, and 59 tetraloops within the rRNA of T. thermophilus, 
with 33 within the large subunit (LSU) [Figure 3.1, Chapter 3], and 26 within the small 
subunit (SSU) [see appendix B, Figures B.1 and B.2]. All 103 dectected tetraloops within 
the 23S rRNAs of T. thermophilus and H. marismortui and the 16S rRNA of T. 
thermophilus are combined to build a summary tetraloop family tree (appendix B, figure 
B.3). This summary tetraloop family tree is a database showing populations, sequences, 
and structural relationships. One can see for example that nearly half of all tetraloops are 
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deletants. Combining all tetraloops in the summary tree gives more data points, allowing 
me to more confidently calculate sequence logos. However we do not believe the current 
summary tree to be fully unbiased, in that other types of globular RNAs may show 
different relative frequencies. 
In future work I propose to use the multi-resolution approach to provide a method 
for cross-platform structural comparisons, e.g. protein versus RNA. Since groups of 
atoms are reduced into pseudo-objects, with locations and orientations, the structural 
description does not use real atoms (e.g. sidechains and peptide units in protein and, 
ribose and phosphate in RNA become pseudo-objects). Therefore the specific chemical 
identity of a molecule can be transcended. This method may make feasible structural 
comparisons and structural homology searching between molecules of different chemical 
identities.  
6.2 RNA Structure in PBR Space 
6.2.1 Tetraloops and Tetraloop Family Tree 
 I originated the tetraloop family tree, a formalism showing the relationship 
between tetraloops grouped by DevLS. Three mainly groups are leafed, which are s-Tl, 
d2-Tl, and d1i0-Tl (UNCG tetraloop).  By observing consensus molecular interactions, 
conformations, and topologies throughout tetraloop family tree, it can be seen that 
tetraloops are generally but not always terminal loops, i.e., not all tetraloops are loops, 
nor are they terminal. 
In the s-Tl group, GNRA (where N can be any nucleotide and R is either G or A) 
is the most populated, as shown by the sequence logo diagram (Figures 2.4, 3.1 and B.2, 
Chapters 2 and 3, Appendix B). A set of consensus molecular interactions and 
conformation characterize the GNRA class of s-Tls (Figure 3.5, section 3.4.1): (i) there is 
a cross-strand stack between residue j – 1 (G) and residue j + 3; (ii) there is an unhappy A, 
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residue j + 2, unpaired (1 H bonding) and unstacked on the 3’ site; (iii) there are three 
consensus intra-loop interactions which are sugar to base interaction: [O2’ (residue j – 1, 
G) to N7 (residue j + 1, G)], base to phosphate interaction: [N1 and N2 (residue j – 1, G) 
to O2P (residue j + 2, A)], and base to base interaction: [N2 (residue j – 1, G) to N7 
(residue j + 2, A)]; (iv) the backbone torsion angle α of residue j (N) goes to +165 from -
65 of A-helix;  (v) there is a three bases stack, N-R-A stack [residues (j)-(j+1)-(j+2) 
stack]. 
d2-Tl, the second most populated tetraloop family, has the greatest conservation of 
sequence and conformation. From the results of structural mining, we hypothesize that 
d2-Tl-like structures might be intermediates during folding of s-Tls. Solution experiments 
and simulations are currently in progress to test our hypothesis. 
A recurrent four-tetraloop assembly of what we called “Tetraloop Triplet 
assembly” (Figure 3.8, section 3.4.3) within the H. marismortui [PDB entry: 1JJ2, ref. 
(Klein et al., 2001)], D. radiodurans [PDB entry: 1NKW, ref. (Harms et al., 2001)], and 
T. thermophilus [PDB entry: 2J01, ref. (Selmer et al., 2006)] is observed. This four-
tetraloop assembly consists of a tetraloop triplet with an extended short A-helix where is 
capped by a remote tetraloop. The tetraloop triplet assembly forms a continuous pseudo-
A helix that is located on the surface of ribosome where it forms of part of the ribosomal 
exit tunnel. We hypothesize that the Tetraloop Triplet assembly plays an important role in 
the ribosome folding and stability. 
6.2.2 Helical Junctions 
 With the PBR approach, helical junctions of RNA are readily observable. Within 
the 23S rRNA of H. marismortui and the 16S rRNA of T. thermophilus, I detect a total of 
31 helical junctions (see appendix C, Table C.1). Two junctions are blunt, 26 are 3’(i) 
stacked junction [i indicates the number of 3’ single-stranded stacked bases, i=1…6] (for 
an example 3’(1) stacked junction, see appendix C, Figure C.1). Three junctions are 5’(j) 
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stacked junction [j indicates number of 5’ single strand stacked base, j=1||4]. Based on 
PBR analysis of helical junctions of RNA structures and on available thermodynamic 
information, we have proposed an atomic resolution reaction mechanism of RNA helix 
propagation, called the stack-ratchet (Mohan et al., 2008). In the stack-ratchet, stacking 
of the 3’ strand of the junction precedes base pairing. A 3’ stack leads the single-strand / 
double-strand helix junction. We propose that, during RNA folding, double helices 
propagate via the stack-ratchet mechanism. 
6.2.3 Kink-turns and E-loop motifs 
 In PBR space, A-helices, E-loop Motifs, Kink-Turns, etc., give distinctive 
fingerprints (see Chapter 2, Figure 2.2). In future work I propose to use PBR analysis to 
identify and re-define the Kink-turns and E-loop motifs. The tree formalism of these two 
RNA motifs will give an insight into structural conformation, consensus molecular 
interaction, sequence information, and structure variation with insertions, deletions, 
strand clips, and topology switches. 
 
6.3 Structural Alignment by Anchored Segment 
I developed an approach to structure-based alignment of RNA allowing 3D 
superimposition of very large RNA molecules. I use tetraloops as structural anchors in a 
‘divide and conquer’ strategy. During the ‘divide’ steps, the RNA is split into segments, 
defined by tetraloops. During ‘conquer’ steps, DevLS locations are determined to 
optimize the structural alignment. I applied this method and describe the structure 
relationships between H. marismortui and T. thermophilus. The successful alignment and 
superimposition gives an overall RMSD of 1.2 Å utilizing 73% of RNA backbone atoms 
(around 2129 residues) [see Chapter 3]. 
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By this approach, very accurate superimpositions of large RNAs of homologous 
structure can be obtained. An accurate superimposition allows one to identify regions of 
structural conservation and diversity, to determine relationships between structural and 
sequence variation, to dock elements of one structure onto another, and to study 
conformational change, binding, and mechanism in atomic resolution. I propose to use 
the finished superimposition (overall RMSD 1.2 Å) to model and explore the catalytic 
mechanism for peptidyl transferase activity.  
Currently there are challenges in unraveling the catalytic mechanism. The main 
restraint is that currently available structures lack the acceptor arm of the A site tRNA. 
The acceptor arm of this tRNA is disordered and is not contained in the refined structure 
of the assembled T. thermophilus ribosome. To model the A site tRNA and the 
accommodation of tRNA at the A site, it will require more structural comparisons 
(superimpositions) between other ribosomal crystal structures in the structural database, 
and maybe performing directed molecular dynamic simulations through a series of crystal 
structures. 
 
6.4 A Recurrent Magnesium-Binding Motif 
There are a total of 117 Mg2+ ions identified in the LSU of H. marismortui (PDB 
entry: 1JJ2) and a total of 741 Mg2+ ions identified in the 70S of T. thermophilus (PDB 
entry: 2J00, 2J01). Using SAAS (see Chapter 3), the very accurate superimpositions of 
ribosomes has allowed me to elucidate the correspondence of magnesium ions. Using 
principles of inorganic chemistry along with structural alignment technique, I have 
identified a recurrent magnesium-binding motif, that we have now discovered is a general 
feature of large folded RNAs (Chapters 4 and 5). I observe that these magnesium-binding 
motifs play a critical role in the framework of the Peptidyl Transferase Center of the 
ribosome by their locations, topologies, and coordination geometries (Figures 4.5 and 5.1, 
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Chapters 4 and 5). The characteristics of the magnesium-binding motif are (i) a bridging 
phosphate chelating two magnesium ions in the form of Mg2+(i)-(O1P-P-O2P)-Mg
2+
(j), (ii) 
10-membered chelation rings, utilizing phosphate groups of adjacent RNA residues as 
Mg2+ ligands, (iii) crystalline-like Mg2+-Mg2+ proximities, (iv) direct Mg2+-phosphate 
interactions and Mg2+ dehydration, (v) undulated RNA surfaces with unpaired and 
unstacked bases, and (vi) and usually, close proximity to site of catalysis (Figure 5.2, 
Chapter 5).    
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APPENDIX A 
 
Figure A.1 Mg2+-c’s from the 23s rRNA of H. marismortu (PDB entry 1JJ2).  
Each Mg2+-c has at least one bridging phosphate (blue outline) and one 10-membered chelation ring 
(shaded yellow). (A) Mg2+-c D1 with bases and oxyriboses omitted. This Mg2+-c has two Mg2+-O1P-P-
O2P-Mg2+ bridges. (Mg2+ ions 8001 and 8002.) (B) Mg2+-c D1 with bases and oxyriboses included. (C) 
Mg2+-c D3 with  bases and oxyriboses omitted. (Mg2+ ions 8016 and 8029.) (D) Mg2+-c D3 with  bases 
and oxyriboses included. (E) Mg2+-c D4 with  bases and oxyriboses omitted. This Mg2+-c has two 10-
membered chelation rings. (Mg2+ ions 8005 and 8007.) (F) Mg2+-c D4 shown with bases and oxyriboses 
included.  Carbon is green, oxygen is red, phosphorous is orange and magnesium is yellow. 
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Figure A.2 Mg2+-c in among RNAs.  
(A) Mg2+-c from the P4-P6 domain of the tetrahymena group I intron ribozyme (Mg2+ ions 2 and 4, PDB 
entry 1HR2). This Mg2+-c has two Mg2+-O1P-P-O2P-Mg2+ bridges and two 10-membered chelation rings. 
Bases and oxyriboses omitted. (B) Bases and oxyriboses included. (C) Mg2+-c from the Thermus 
thermophilus 30S ribosomal subunit. This Mg2+-c has two Mg2+-O1P-P-O2P-Mg2+ bridges. Water 
molecules are not contained in this model therefore second shell interactions are not defined. (Mg2+ ions 95 
and 96, PDB entry 1FJG). (D) Bases and oxyriboses included. (E) Self-spliced group II intron  from 
Oceanobacillus  iheyensis. Water molecules are not contained in this model therefore second shell 
interactions are not defined. (Mg2+ ions 413 and 414, PDB entry 3BWP). (F) Bases and oxyriboses 
included. 
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APPENDIX B 
 
Figure B.1 Secondary structure of the T. thermophilus 16S rRNA (PDB entry: 2J00). 
Tetraloop locations and type are indicated by color, standard tetraloop in cyan, deletions tetraloop in green, 
and insertions tetraloop in red. 
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Figure B.2 Tetraloop family tree of the 16S rRNA of T. Thermophilus. 
Twenty six tetraloops of 2J00 are distributed by type of DevLS. Insertion positions are indicated in red text. 
Deletion positions are indicated in green text. The positions of deleted residues are marked by underscores. 
Number of occurrences is indicated in black text, with line widths proportional to frequency. There are 5 
groups (boxed) with contents, no 3,2-switch tetraloops were found. The residue number of the first residue 
and the sequence is given for each tetraloop. The consensus sequence for the s-Tl and d2-Tl tetraloops are 
indicated by a sequence Logo representation (Schneider and Stephens, 1990).  
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Figure B.3 The summary tetraloop family tree. 
Shown is the summary tetraloop family tree that combines all 103 detected tetraloops within the 23S rRNAs of H. 
marismortui and T. thermophilus and the 16S rRNA of T. thermophilus. Tetraloops are distributed by types of DevLS. 
The statistic sequence bioinformation of s-Tl, d2-Tl, d1i0-Tl and i2-Tl are indicated by a sequence logo representation 
(Schneider and Stephens, 1990). The underscore in the sequence logo indicates a structural deletion sites. A gray box 
indicates a structural insertions sites. The number of occurrences is indicated in black, with line widths proportional to 
frequency. The thick line at the deletion branch indicates that structural deletions are common in tetraloops. The most 
populated tetraloop, s-Tl, shows the characteristic of sequence expected for GNRA type tetraloops. 
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APPENDIX C 
 
Table C.1 Helical junctions within the 23S of H. marismortui and the 16S of T. thermophilus. 
Helical 
Junctions 
Type Frequency 
Total 
Number 
Blunt Blunt 2 2 
3' stack 
One residue:     3’(1) 9 
26 
Two residue:     3’(2) 9 
Three residue:  3’(3) 2 
Four residue:    3’(4) 3 
Five residue:     3’(5) 2 
Six residue:       3’(6) 1 
5' stack 
One residue:     5’(1) 1 3 
Four residue:    5’(4) 2 
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Figure C.1 Representative of 3’(1) stacked junction in PBR space and in 3D. 
(A) Helical junction in PBR space. Base pair (G577:C764) is the closing base pair of A-helix. (B) A 3’(1) 
stacked junction in 3D. Left Panel shows the close up of the relevant regions of secondary structure, red: 3’ 
strand, blue: 5’ strand. Adenosine is red, guanosine is violet, uridine is blue and cytidine is green.  
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